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FOREWORD

Feon time to timy in svery active sclentiflc fiedd of endosvor it
is profitable 4o meke a2 ssarching and critica) re-sexandnation or its
foundations, 3ush & critiocal reviaw can serve many ussful purposes.
There 18 1itiis doubt that the fleld of shapsd sharge can profit groatly
from sueh a re-~exsmination.

We can smurarate the useful purposes which a critical review of the
shapad charge fleld can hope to acromplish at this time.

(1) It can extract from the welter 4f raw experimental data the
s~8liable design bases which aro needed by tha designer.,

(2) It can indicate the arcas in wiich reliable design bases are
lacking, oe the soundnesa of ths avallable information is open o
questicn, or marred by inconsistencles. Ty so doing it can stiwilate
researzh peopls to investijgate thoss areas which are in need of wdcle
tiona) effort, The benefit to the designer is apparent.

(3) Sinue the contribators are selscted widely [rom among those:
aoctise in resesarch and davalopment, it can provida an awthoritativ and
reagonably complete plature of the present position, aver m large ::ortien
of the autire fleld, fur the research worker who is ocoupdad with lauk
gunaral aspecty, and firnds Lt alffioult to weep up witn tho antiva rapidly
advanoing frontier. Who amoug us can fail t~ profit in this respect?

Pariiaps one of the most useful contwributions which a aritical reviod
oan sk, 48 to point out tha *facts of 1life" to those peuple who hrv~
the inpregsion that mcst answers Lo most Questions are availatle wo.vwlwre
and that it's simply & mattor of Jieting and indexing sy *amatically svory=
thing that has ever been done in the fleld. It ias perhe s insiructive %o
point out that over the ye.rs, tremsadous amounts of money and man hours
of effort have been investdd in "horseless oarriages® and autcomotive de-
valopmant, and yet today ith not dfficult to pose prastical design
quoeations which cannot bs answsred except by carrying out an addit® .aal
set ~f experiments. Even then there can be no guarantes of a conulucive
and unique answer. The investment in research and developmant of shapsd
charges, although lavge, has been much more modsst both in money und man
hours of effor* than that in tha autumotive fleld, Comparatively, it is
Ukely that we are sti1l in the “horselisss carriags® stage. It is thore-
fore Gulte wirenconabis for the dasigner to expact to find &l thi rules
1aid out in handdook form. The fleld ie advancing oo rapidly azd the
rules of the game are chenging too quickly. We hops that tha aritissl
review can at laest spell out the rules which apply today and whick are
likely to continue in affect because thay are firaly hased. 1t san also
provide approprizte warmings in the less firmly ostablished aress, and
provide a preview of things to come.
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Yven with this mecdified objective, it will become apparent that
during the time required to prepara tl:l3 wolume, rapid progreas is being
made in arocas mlready cowored in the raview as well as in new areas of
intsrest that have opened up since. Among the areas falling into tness
categories are those of wave shaning, l«<thality measuremsnt, instrumene
tation, metallurgy and the applications o solid state physics to the
probleme of jet behavior. It should be apparent that this state of
affairs is unavoldable in a field as active as thie., The only hope of
wooping ve, lles in a plansd, short and long term coordination program.
Coordination and exchange «f information such as is provided by the
Jrdnance Corpe thaped Charpe Research and Development Stasring and
Coordinating Committec serves s a quarterly basis for short term co-
ordir.'tion, In this conneotion the 8haped Charge Jowrnal sponsored by
tho Commit.ae and published on a trial basis by the Balliatic Research
Latoratories will sarve to disseminate the now information, For the
long term ,roblem, the biennial Symposia have hean found very wvaluable.
The transactions of the Symposia will alwaya be very significant sourass
of unformation. T4 1c appurent, however, that they do not serve the same
Sunotions as i« Oritical Neview. Currant thinking is thersfore in terms
oi & ccotdnuivg i wance of new volumes of the oritical review whose
lvaquenay wouid be deternined by the rate of progrses in various areas,
<t aew deflinital- 5~ pald that .Jie experience which has been acquired
durtng the oreparstion of this firet volume will help ease the trurden
of the orgamisation of any later volumes, and will also help assure a
much more rompt publlcation of the marussripts. Many of the areas
vhiah are troated superficially in this volume sun be expected to undargo
critionl surutiny in any loter iswues of ths Critical Review,

~xpregsions of lgguo:tmt.ion are due to all of the contributors to
this £'rat volwws of the Critioal Review, They are all very busy people
who, with practicnlly no cajolery took ths time from their regular tasks
not only to prepare their own chxpters but also to proof-read and
eriticize all the other chaptars, snd to modify and romodify their o
chapters in accordance with the criticism of the other contributors and
outolde o~ tias, JAlthough this procadure delayod the completion uf “he
final draft of th. Critical Review, it is expect~d that the resultant
improvements will compensate for the dolay.

Among the agincies whose coritdcism was found vo be valuable, wa
would like to menti-a the Naval Ordnance Laberatory, Plecatinny Arsenal,
andg hia Office Chisy of Ordnance, DADTA. Mr. Mark V, Massey and
Dr. L. .o Littleton of that officae, ware particularly helpful in suggest=
ing ratordal %¢ by added and in providing =ome of the pertinent infore
mation.

de are gratefvl to Do, Emerson M. Pugh of the Carnegle Institute of
Tachrology, not only for making many valuable suggestions and criticisms
but for the introductory chapter and historical surwy tassd on his inti-
mate and personal articipation in the duvelopment of both the sarliost
48 well as the very recent theoretical foundatlions, These include shaped
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chirge jat penetration theory ar well es non~stsady suate collapse
theory. The confirmation of his very early inferences rogarding jet
break-up characteristics by the flash radiographs taken at SBL and
Kerr cell photography at C.I.T. aze tributes to his keen perveptica.

The vontinuing contributione of the fine group at the Camegle
Institute of Tuchnology are evident not only from the frequent refarences
to thelir work by other avthors, wut also from the fact that C.I.T. has
provided the suthors far three of the ten chapteuru.

We are indebted also to Professor Qarrett Pirihoff who wam the
first one in this country to work out the vlassical hydrodynamic
theory of wedge collapss and jet formation. His contrilmtions to the
recent proy. oss in the shaped charge fiell «sv =zpwcially noticeabls
in the area of thie theory of the effects of rotation. Professor
Birkaoff's continued interest and advice have hwen invaluable in the
preparation of this volume,

, We would alre ldke to express our appreciation to Dr, L. H. Thomas
of the Watamn Scientiific Computing laharatories whe collaburated in tia
tion of Chapter II on tha theory., Camputing machines will

tndoubtedly be essentipl for efiiaiensy in the zaloulations required
for the extensions of the theary of jet farmation and penstration.

Lre Thanas had heen insirumental in laying out the plan for the series
of theoretical caliulations of mcoessively iicreasing generality and
physical complexity. These will require the use of computing machiues
ad we are foartunate Lo have Dre Thomasts advies and guldance.

Although this first solume of the Critiocal Review did not readily
provide an opportunity for participaidon by British sclentiata wé haw
not forgotten that they have a very illustriovs roster of contritmtors
to the present state of lnowladge. i Gsoffrey Taylor and Dr. Tuck
were of courss responuible for the classzicai hydr ¢ wudge collapse
theory in Oreal Br:tain. They 4id this indsperdeatly and esseantially
simultaneously with the work of Birkhoff in the US. In addition
Professor Mott and Ira. Evans, Hill, Pack and Ubbmlohde are among those
wWho have made substantizl contridutions to this fleld. It is defimi iely
planned to irsits partiocipation by both British and Canadians in thir next
volume of the Critical Review,

Fing we would like to acinairle the sontrimtions made by
Mr, Irving ldeberman in preparing the index and Appendices on foreign
and Amsrican ammunltion psrformence and dssign date; Mr. Himmor of the
Urdnance Technical Intelligence Sectien for supplying largs swsunts of
data for Appendices. Messrs. J. M. Regan and J. on in ‘the proof
reading of the final text and the Weapon Systwms laboratory faor the
naterial on tenk armor in Appendix IV.
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The cooperation of many other people, too mumerous to namo, in the
praparation of the material for publication is also gratesfully ac-
iowledged. In particular, however, the work done in this comnection
by Mr. Joha L, Squier, the asscclate editor, warrants special attention .
His supervision of the final manuscript premration and prcof reading
a8 well as his attention to the many details of figure preparation and
pagination constitute major contributions to the value of this volumes,

L. ZERNOW
Editor=In-Chief
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CHAPTER I
INTRODUCTION
Emarson M. Pugh

Carneg’n Institvte of Technology
Plttsburgh, Pernnsylvania

Naod for & Critioal Review

Righ explosive charges with lined cavities posscss the property of
producing deep holes in targeh metorials against which they ave axploded.
This remariable property wea utilised by practically all of ths belli-

rents in World War II in « mimber of dilferent wespans and demolition

eviossm: rooket grerades, rifle prenades, hand grensdes, recoilless
rifle projectiles, standard antitink gun projeciiles, nf.mors de~
molition chargez, cable and beam cutting deviwees, ate. For security
reasony this olans of high explosive chargos was -lesignated "Shaped
Chargea® by the British and American Services, In epite of the
faot that thic drsignation 19 misleading it is atil)l the momt commcnly
vwed term for thess charges with lined ocavitiek, Another termm, WHEAT
round® (High Bxplosive Anti-Tank), which is equally aislesding, alse
is frequenily uses to designate raunde that employ tho 1ined cavity
churge. VHEAT vound" iz misleading baceucc it suggesia that L jeots
from thess chargvs “burn their way through the armor plate", vhen in
faot, tha process of psnotratiocn doen not involwe any chamical reaction
and the temperatures of theas jots have practicslly mo effect upon this
process,

Whils a wide varisty of woapons and desclition devices wers mim-
factursd for use during World War II, thoy were not ss widely used as
shonld have been expucisad from their known potentialities, The re-
firlcted um of thete devices waw due partly uo lack of understanding
of their capabilities and partly to the shartoomings of tls weapons as
mamufactured. Lack of relliability was urdmubtedly one of the chief
reasont for ‘heir lachk of popularity. Their poor performasnoe when they
were used in projectiles shot from rified guns was aaother reason,

Modern resoarch and development has been pointing thw way to the
limination or reduction of many of these r :rtoomings spd thers is
gvsry reason to belisre that mush more progress in this direetion is
possible. The prinniples involved in the lined cavity chargs certaimly
offer great potentialities for the improvement of somventional weapons,
If the wars in Xorwa and Indo-China can be taker as typical of what may
be oxpected in the next seversl years, conventional weapons will be of
very great isportance. At the 1953 symposium on shaped charges at thw
Aberdsen Proving Oround, 1t was pointed sut by Qol. 2l Campo that,
oven if muclear wespons are used in sn all-out war, conventional weapcns
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should still play a decisiva role, since they may bo used to crowd the
enery until he is vulnerabls to attack bty nuclear weapons,

Ths importance of achieving maximum effectivenezs with the sheped
charge devices makes the compilation of a coritical review of great:
Smportonce, This Oritical Review is designed to provide up~to-date
information concerning what is Imcwn and what is not known about thase
charges, It is also intendad to atimilate curiosity and motivate
research, It is hoped that the references supplied will be sufficient
to make L1t relatively sasy for 4he roscarch worker %0 find origined
papers on any part of the subject that interests hin, For this purpose
a briof historical review of the development of the mbjeoct should W
valuable.

Unlined Charges

As carly as 1792 it was known that whon an oxplosive wae placed
in oontaot with » target plate and exnloded, a deoper hole would be
made in the target i{f the explosive contained a cavity in contact with
the target. This remarkeble fact apparently has baen forgotten and
rediscovered several \imes, Although knowledge of the cavity charge
«ffect L8 very old, the fact that a much grsstsr affsct cculd he pre-
guesd by lining the cavity with a thin metal liner was not recognised

until the 1930'-'. This now seens hard %0 understand since liners wern
used in the cavities of explosive charges at least ao early &g 190,
e failure to recognine tho importancs of the lines for muking d
ponotrations mudt have bsen dus to twoe faota; first, the liners muss bo
voll designed and woll fatricated and tecond, the charges w.su. thass
lined onvitiss must be dotonatod at some distanve (standoff) from the
targot to exhibit their romarkablo penetrating power. Though cherges
with lined cavities require stardeff, charges with unlimso cavities
produce the greatest effect whon they are detonatud in dirsot contzet
with the target, A well mads linor pleced in %he cavity ef the charge
and fired st optimum atando!‘fl onn increass the dopth of ponetration
produwoed in a given target, The 2ir wary of the effectivuress of the
liner was purel: ancidental. After -.iis discovory several years elapsed
befors a roasonablu explanation of the phenomonon was ¢btained,

#The Germans ar to nave recognised the Lmportanas of the liner

a8 early ad 1,204 ~2 netad in my briaf history agd. clollography printed
in the back of [ .. - VYaport No. 837, Hov. 19Y¥1V.:, The information
onn thia ia sietohy and was not availsble until after Werld War X,

It spparently had no influence on developments in this country or
England, %his chapter 10 based upon my récent studies re-svaluating
devolopments in the U,d.A.

‘I!'
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Remarkably well designed weapons ond demolition davices vere in
~enersd use for sematime before an explanation of the eff'sctivenesas
of the linar was cviainsds Tho early attempts %o sxplain the action
of the linsr failsd becazuse they were attempis to show how & queli-
tatlive theory thal had been devised for the unlined cavity could be
nodified to account for the effect produced by .troducing a iinere
Success came only when it wac recognised that the procesg of pera-
tration by the lined cavity charge is satirely different™ fLrom that
of the unlined charge, Since the two procssses ara mo different na
furthar mention will be msde of the unlined cavity charges except to
show how they did loud %0 the accldental discovery of the effect of
the lining. The smxrliest liners werc introduced only to suppuwt or
to protect the charge ar to help form the cavity in the charge,
Recognition of the effectiveness of these liners in produciny pends-
trations came much later.

Eaply Use of Liners

Cherles E. Munroo in 18808 stacked dynamite sticks around an
empty tin can and blew a hols in & safe dooxrs According to Manrou
the tin can served only to hold the dynamite in nlace, OGernan and
United Kinglom “ntants wvere iamed (o the Westfilish-Anhaltische
Gprengntoff-Actisn=(esellschalt (WACAG) ui Durlin for Lollow charges
to be used for blasting cperaticns in mines, for torpedoss and axe
plosive ahslla. The German patent lpplionion was datad 1l Deo. 1910,
ihe United Kingdim patont, accepted in 1912, shows a projectile loaded
with high uxpiosive having a oonical cavity lined with thin steel,
Lrass, or sino. It is claarly stated, however, that the sole purpose
of the liner is % protect ed support the u'piolin while it is being
shol ot of a gun with high velooity. Paraffinid papsr liners are
suggeated to proteot the explosive from moisturs when it 1s to be used
for mins blasting, -

Early mamfacturers of detonators had found that the effect of
detonating caps is highest, 1f “the axplosive is compressed only softly
in its part close to the point of ignition and compressed strungly in
its part lncated st the bottom of the cap.® In 1921 M, indrea Schulse
took oat French patent No. 532,757 %to accomplirh this result cheaply by
foroing a conloally zhaped tooi wp into the botiom of the detcnator oap.
The tool permenanily deformed the ligat metal casing, which surrounded
the explosive, leaving a conical cavity lined with the thin metal of the
oasing. According to Schulie, howéver, the scla mupoese of the process
wait to produce a highly compressscd explusive right at the bottem of the
cep which he claimed would nake 1t a much mors efficient detonator,

#The approximations required to ob%ain the thavry for lined charges are
valid for a fairly wide rangs of liner thicknesses around the optimum
thiockness. Wnen liners are made thinner and thinner, the process changes
rapidly tui smoothly to that of the unlined cavitye
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Thus Schulze inadvertently produced an explosive charge with & metal~
lined conical cavity. Since the efficiency of detcnaiors was being
determined at this time by the depth of the hole they could produse in
a lead plate, it is not surprising that these detonators performed wull
in taste, Al almost the same time, Wilhelm Egchbach obtainsd Gerwman
patent No. 172,93 (Dec. 1921) for making detenatora Ly a technigue that
wag elmost identieal with that of Schulze. Eschbach's primary purpose
was, iike that of &¢hulse, to compress the 2xplosive in the hottom of
the cup. lHowever, Nechhach 444 recognise that the cavity might provide
added effectiveness He sald nothing about the fact that his cavities
wero 1lined with thin metal,

The first to resognise the importance of liner# in the cavitios of
these charges seems o hav~ been R. W. Wood (), A young woman had onenscl
the door of the coal furnace in her home and had been kulied by a orald
ccpper pellet that severed an artery. As technical expert in the ene
suing law casa Wood demonstraled that icentical ccpper pellets wers
formed and projected at very high velocity by detonators having cavities
lined with thin sheet copper. cavitien in the detonators used by
Wood wers so shallow that the liner remained intcoty that is, there was
no ssparation into jat and alug a2z is obssrved with smaller angle ocones,
Thus Wood performed the first experiments on the effect that was later
called the Missnay-Scharviin effect.

During the period 1940-42, 4 mmber of patenrts wure applisd for on
projectiles which used lined-cavity charges. The clains in those patente .
all show that the inventora errgneously expsctsd the liner to form a
aingle high-cpesd projectile, like tiat studied by Wood, The first of
these appears tc be French patent No. 113,685 (applied for en 27 Nov. 150),
1ssusd o Berthold Muhaupt, lenry Mchaupt and Brich Kauders, which was
aasiensd by them Vo Wis Sepub Society of Switserland. The first American
patont, which wae iamed to T, € Qray, We E. Thibuedeau, J, He Cmirch and
G, Jo kassenrtch, was appliod for on )N March 1941, Henry Mohaupt came
to America and vas resmonaidvle for arousing the irterest of the U, S,

Army Ordnence Depariment in the principle, ie applied for his U, S, patent
Noo 2,109,411 on 3 Oct. 1941, and s0ld it to the U.S. Amy,

Once recogmiszed, the rrinciple was incorporated with amazing rapidity
into many practical devices. Most of this davelopment work in the United
States was done by Army ongincors in cooperation with enginsers and
aclentists from private corpanies. Patonts No. 2,427,989 (for the M9 rifle
grenade «od M0 machine gun greiade) and No, 2,113,400 {for the ME6 and
M67 howitser projectiles) were issued to 7, W. Blackington and J, J. Jalhcun,
Budd Company engineers. Dates of application were 19 Aug, 1942 and 21
Hove 1942 respectively. Patent No, 2,466,752 (foi the M6 Bazooka®) was
issuad to Lieut, B, . Uhl and 1*, Col, Leslie A, Skinner; of the U, &,

Army Ordnance Departwment. The +.°< . (his application was 22 Sept. 1543,

#The M10 shaped charge head was used in the Bazooka.
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Theas patents were mach assignad to the United States govertment without
cost, Each of the weapons was in production before or shortly after the
date of the corresponding patent appiication. According to Col. C.

He M. Roberts, the MSAL rifle gronade was developed befors and the ¥5
Rasooka was devcloped just .fier ha joined the Office of the Chief of
Ovanance in Marcih W9L2. The sonades and howitzor projectiles were in
quantity production by thiv datu.

The demolition charges, including the M3 with a 9.5 in. diam. steel
conw and the HRA3 with w 6.5 in. dian. glass cons, were develupad botwoen
1942 and 1943. Dr. C, O, Davis, working for DuPont on an Ordnance con=
tract, provided much of the design information needed for these develrcp-
ments, He and his assistants, sterting work in Sept. 190, provided
rules for optimum liner angles, liner thicknesses ad charge diameters.,
Tviy also provided empirical scaling lews that Garret Birkhoff later
showed to be theoretically sound., Corning (Glass Co. developed the glisa
cons to take the place of steel cones, sinos thure was then a epritical
shortage of steel. Work similar to that dous ai NuPont was also being
done by W. M, Evens and A, R. Ubbelhode working for the British Ministry
of Supply. They appsar to have been the firaot to recognise ithat the
holes werv forméd by eame kind of Jet and that tha slng, which eould be
recovered, piayed no pari in s panetration. They alsn developed photo-
graphic methode for determiniriy the character of the jet and for deter-
miaing its velcoity.

goMm snd Expansion of U, S, Ressarch

Jo B_ Conant of Harvard ingpired the organisation of the Explosives
Research Laloratory (BRL) which operated on the grounds of the U, 8.
Barem: of Mines at Bruceton under anm N.D.R.C. comtrast with the uarnegie -
Institute of Technology with W. N. Jones &b suparvisor.

The shaped charge stundiss at ERL were started in Sept. 1941 under
the direct supsrvision of D, P. MacDo + Q. B, Kistiakowsky, who was
tioned at, Brueceton as head of Div, & of N.D.R.C., also participated
actively in ths work, Thess two visited Evans axd Ublwlhodes 4in 1941 amd

brought, back nany useful ideas for resewrch,

MacDougall's experiments, started in 1941, were Leautifully desigmed
to £ind many of the answers. By shooting into steel target plates
thraugh predrilled holes in the firat plaie he demonatirated that the jet
hes a much smaller dismeter than ths hole it produces, He collsoted
stzel Jots and found they oonaisted of small stesl fragrents that obviously
had pot beon melted in the process. With a rotating drum camera he
demonstyated the existence of gradients of ywlocity within the jeta.

The Ballistic Research Laboratories wers duaily engaged on high
priority Ordnance problems., Dr. J. C, Clark, who had been doing X-Ray
research at Michigan State and hai besn commissioned as an Army Captain,
was hrought in to devel op the naw flash radicgraphy of Slack and Ehrke (3)

to aid the study of these problems.

5
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Becauso of ths secrecy rostrictions and the lack of an effective
gsyetem of liaison, the various laboratoriss worked almost independently
until January of 1943, Each laboratory had its own theory which seemed
te axplain its own experiments, To remedy this Lack of coordiration, a
Jolnt Arny, Navy, N.D.R.C. Committes on Shaped Charges was se’ up, The
committas consistad of Col, C, H. M. Roberts, chairman for thy Army; .
Lieut. Commander E. H. Ol (later replaced by Cammander Steph~r “runsuer)
for the Navy; and Dr. O, B, Kistlakowsky (later replaced by Dr. 2,P.
M-1"Dougall) for the N.D.F.Co This committee performed thres wury
imnortant functions.

1. They orgsnised a sysiem for distributing reports within
the security regulations. This system included ax~hunge
of reportsa with Oreat Britain,

2. They oryanismed symposia that were attended by representi-
tives from each group.

3. They persuaded the N.D.,R.C. to place new contracts for
ressarch in areas that were not being covered adequuately.

The (k1 Research lLaboratory at Harmarville : Fa. was awarded
s cantract under Dr. Morris Muskat to develop a "followstlirough"
projectile.

The Carnegle Inatitute of Technology was awanded a contract
to develop methods of defeuting shapad charge weapons, Originally
the theoretical purt of this defense omtract was under Drs. Frederick
Seits and Gitto Starn while the experimental part was under Dr. Turner L. Smith
and the author. Shortly, however, the first three moved to other projects
leaving the author and a fuw graduate studen’s to carry on the work.

The new system for distributing reports was an enormous improvement,
but even 8o, the coverage was necessarily spotty and there were long
delaya. The N.D.K.C. set up a service library of all classifisd reports
at Princeton, In 1943 this contained mostly British reports tut becams
more complets, espeolally in American reportas, by the end of 19LL.

The improved liaison and diatritution of reports was certainly
responsible for the rapid development: of the theories in this country
and in Englaxd, The fact that the distribution wes n- sessarily slow and
spotty, csused much of the work to be done indepenien.ly in tha two
countries and mikesa it very difficult to plot the logical historical
developnent of the theory. In view of thess facts, this history will be
limited primarily to the development of 'the theory in this countzy, tut
will show how 1t was influenced by British dovelopments,

Influence of Foialgn Devalopments

Shortly after hostilities ended in Eurcpe, groups of sciantists
sand engineers {ram England and the Unitad States visited lsboratories
and factorieg in France and Germany. They brought back reports showing

6
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that active rosearch on lined cavity charges had been going on in both
countries which arrived at conclusions that were qualite’ively very much
iixe ours. However, the author has found no evidenos that individuals
or grouws working in theee or any other cauntriss have achisvad mathe-
matical formuletions of the phencmona that were nearly as satisfactory
an thosa achisved by the cooperative efforts of the United States and
Oreat Britain, 8ince secrecy prevented the sciaentific wrk of countries
other than Great Britain from influencing our developments, here, it
would he meaningless to attempt to commect their work historiecally with
GITB e

Enureance of Shaped Charg Theorjes in 1943

b.uone ocomplete objactivity in relating historical developments is
vary diffioult, it seems best to abandmm the conventional third-persoa
and pursie a more perzonsl approach, I will, therefore proocesd o
sketch the developxent of the theory in this country from the point of
visw of an chserver and an active partioipant in the prooess.

. The RL freely disocussed their work with the group at the
Mlf Research ratory snd with our zroue, whe were working om the
Canegis Institute of Techuology campus, s yac & great halp to both
w=apis The field was entirely rew %o all of the parsonnel in these
3 OoiDBe

Py Mavoh 1943 MacWougali (4) had objained, from monantum consid .
erations, the equation ;:oj‘!.’ﬂ.'J = U) = pU relaiing the velooity of

peastration of the jet, U, into » target of density, p, to the density,
pys and the velooity, 53, of the jat. From this bo predicted that the

retto V,/U should increase morotenically with p. His data”, taken irom
drus camdia vecords of jets peasing through target plates, shoed this
behavior,

In sesking a principle to guide my search lor methods of defense,
I notioed that MacDougall ud correctly assuncd the asss of Jet hitt
the targst per seocnd to bs propartional to pJ(VJ = U), but in calculat=

ing the rate of movsntum trunsfer, had multipiied thia by ¥ 3 inntesd of
(v, » U), Correcting this gave the now well )mown equation pj(vJ - 1)%
aﬂg + I multiplied the left-hand sids of this equation by the factor
A/ﬁdﬂ. to gccount for the fact that dus to the lack of perfuct symmetry
in the charges anl their liners, as mamfactured, the effective arsa A

o which the jst impinged mist ha oreater than the ideel Jut cruss section

A This corrected relation then predicted a straight line plot for

j.
#The original puve oiFT,?U versus p & found in the ERL morthly
interim rsports CP-9 (May 15, 1943).
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MacDougallts ¥ 1/11 data if plotted against /i , Tn replotting MacDougall's

pointa in thira‘mnmer, I found that they fell on & good straight line,
To make sure that this was-*no'b Just accidental I analyzed all that I
could find of the relevant ERL data from which ¥ j/U could be eomruted.

The resulting averages plotted against /p again fell on a good straight
line throcugh the predicted intercept unity. Furthermore, it appeared
that, if sufficient data were zvailable; the maximum and the minimum
values of VJ/U would each fali on diiferent sireight linss through tihe

intarcept unity. The lines througr the maximum values correspondsd to
the charges with poor symmetry and therefore with large values for
A/AJ, while the lines through the minimim and averace waluss sorres-

ponded to the minimum and average values of A/.A.'j respactively. With this

fact settled to my satizfaction, I started applying the theoretical pre-
dictions to all) of the other date which had up to then appeared so
nysterious. T, L. Smith and I had fastenad steel target plates to a
ballistic pendulum and had observed the total mcmentums of jets whose
penetration was also recorded. The fact that there was atsolutely no
correlation betwean the depth of penttration and the total mimentum of
the jet producing it had been disturbing, Howsver, this new vslocity
aquation mads it possitls fo explain the appareit aneme ye -n intograt-
ing [ U dt to find the total penetration, I was smased to fird that all
velocitiss cancelled out and left the total penetration dependent only
on jet and tsrget densities, the ratio of areas AJ/A and the jet length,

fince deptha of penetration did not depend on velocitivs thay should not
oorrslate with jet momentums. Th» pieces to a big jig-tuv pussle Jeamed
to be fitting together. The fact that pemstration depended on jet
length, and in faoct was proportional to it, now provided a resly explana-
tdon for the mysterious fact that penetration increased with standoff,
for MacDougall had shown that the jets lengthenad as they travelsd., His
drum camera measurements had shown a gradient in velocity within the
J.t'o

Qalitatively this explanation was fine, but my firat attampt to
scoount mmerically for the penetration versus standoff ocurve failed
because the obaservec! psnetraticn increased too fast with standoff ¢o be
accuunted for on tho basis of a mers lengthening of a particle jet,

To account for the observed rapid rise in penatration, I found it
necessary to prosume tha' 2 average density of the jet remained con-
stant during the early part f its elongation., In other words it

* The equation predicted that V /. should be linear with /B, only if
ijJ/A remained constant during perforstion of the Larget plates,

For this reascn only the dats that was takan with target plates near
the optimum standoff were cornsidersd, This data was scattered

through the ERL interim reports (5).
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remained contimious and lengthoned by dustile drawing of the liner
material. Sinecs the jet particles collectad by MacDengall s group
were finy sharp edged particles, I presumed that break-up of .he jed
took placs after the elongation had proceeded to a point determined
by the duetility of the liner., This accountad for the slower risa in
penetration beyond a certaln standoff, for ihe rate of increase aof
penatration with stardoff should decreasze whon the jet is broken into
paxrticles. Now I could understand why the psritration produced by

ocppe\r“ and aluminum liners continued to fnoresss up to relatively
large standoffs, since these matals are much : re¢ ductile than steel,
I attributed ths drop in penetration beyond the optimum standoff to
A/Adi.nmning az the aquare of the atandoff. With perfectly

symnetrical charges and liners A/AJ = 1 and the nenetration should

nof.“ drop off with standofi, The occasional shot that gave a large
ponstraticn at large standoff was presumed to be evidence for this
podnt of vlew. Further proof was found in tho faot that approximately
the same average A/A1 and the sase variation in A/AJ were obtained

from hoth the P versus 8 curve and the VJ/U versus/f curve,

These steady and non-steady theories of Jet penetration to r
with the exyerimental correlations wire reported (7) in Jure 19uk.
wo weeks luter I received a copy of a British paper (8) that treated
the penetration by a stewdy state jet, It contains! the same form of
velocity eq%:}ion and -tha sams form of panstration aquation as I had
obtainad, ls peper by Hill, Mott and Pack differentiated Letween
fluid ard particle type jets, for which they cbtained different wo~
portionality constanti. These different proportionality constents
wors suppoaed to account for the observed differcnces in penstrations
that were cbtained with liners of different materials., However,
penetrations do not correlate with melting points of linurs in the
manner required by their theory. The paper did not discuss stundoff
ofteots. I rea)ised (9) that if fluid and particle jets should be
treated vith different prioporticmality constants as proposed in this
Hill, Mott, and Pack paper, my theory should be modified,tacause the
cantinuous Jata with negligible strangth should be treated like fluids

until they break up into perticles. This moadfigaticn " which cungisted
of introduoing into my velocity equation a proportionality constant, )\,
proved to ba uniuportant for it did not effect any of ths Serreiationd
that had been obfiained with experimental data. It only «ffected the

# Convincing prroof of this is now found in B.R,.i. radiopapha.(&

# 1, Zernow has recently shown good charges give good penetrationa
at very long standoff,

*% Recent considerations make it uppear that this modification weas
undegirable, bocause the model used by R, Hill, N, L. Mott and
D. C, Pack to represent the particle jet was unrealistic,
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estimate 28 to how close to the orlginal position of the liner hass the
Jets broke into particles.

It was gratifying that the theory accounted for the well known fact

that dapths of penmetration into smmor were almost ss great a3 in mild
8ta;'  eimng the panetratior b = given charge should depend only on it
oy 4% oility. However, the tact that psnetrations into armor were
somewhat less than into mild steel showed that some modification based
upon target strength shouid be introdused into the theory. Some shots
m lead oylinders, showiag much deeper tutal penetrations than ware

pred’ ctod by the theory, had clearly dmmocnstrated the noed for such a
nodification,

MacDougall early recognised (1) that penetrations by the front of
the Jjet depended largely upon the target density while totel penstra-
tions depended (n taryet strength, He presumed that the agditionsl
penetration into soft targets was due to residual nomentum™ contimuing
to opsn the hole aftor the last fast jet particle had stxuok.
Bichelberger demonstrated (10) that the rear of the jet was responsible
for the deep penetrations observed in lead. By placing armor plate
(1/2 in. thiok) at various depths in a stack of lesd plates, he found
that a very amall totLal paratration was ovtained whon the armor was in
the praper positicn to stop the rear of the jet. In my first paper (7)
I included a orude empirical attempt, based upon MacDougall's assump-
tion, to take acoount of the taxrget atrengtkh,

The diffioulty in accounting for the strength of the target could
be avolded by using & standasd tarpet material 'to nbaord the rear of
the Jet after the froni of the jot had been absorbed by any target
motexial that was being tested, Tme in searching for target materials
useful for defenso, I employed standardised mild stesl targst plates to

-meagure tha residual penatration. The use of the residual penetration

a2 2 aeans of testing materials made Lt possible for me to develop with
8. L, Fireman (11), a "residual penstration thsory" whish showuld be
practically indspendent of targst strangth. Aotually this "residual
peostration theory" and tiw welocity equation qagliod to the front of
thy jet 2= tha only ounas thet should ba rcalled "density laws,® sines
thas ave the only ones that have sucosedsd in predicting results with
nany matorials.

¥hids point of view was retained by the author until Eichelberger
poirnted out that the low velocity tail-end of ths jet was responsible
for the wadded penstrations observed in lov strength targets,
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) Using the residual penetration technique with more than a mndred
different materials, Eichelborger showed that practically all of thom
fallowed the theory to within the accuracy of his experiments. Accord-

" ing to this theory, the thicimess of target, t, required to absord a
given langth of jet id proportionsl to lﬁal/;'f while the weight of the
Protective msterial is proporticonal to pt. us the waight required
tor protection is proportions). to p(1/ ¥/P) =yf and materials with low
density provide protection with the least weight. This is the raamson
that we very early proposed the use of aluminum armor. Of course,
with very low densities the thickness required is very; great and the
weight of the devices for fastening the material greatly reduce this

ravantage o

In cooperation vita P. R, Smith of the Flintkote Company, a
mixture of gravel and pitch mastic oalled HCR (hollow charge resisting)
vas developed. It had a low density and provided scmswhat better pro-
tection than was predicted by the residual penstration theory, Pro-
tective panels of HCR were tuilt for tanks and tested, tut the war
ended before final tests were sompleted,

In 1545 R, Reine~Jeldern showed (12) that glass affords wuch bettor
prdtaction than the cwnsity law predicts. He then showed that this
' aooounted for the stopping power of KR whose @avel was uostly quartsite.
Heine-(Goldern has explained the atopping power of glass by the fact that
in «ddition to being very hard so yut the jet makss only a small dismster
. hole ;.:Lboux(xgs; back and disrupts” the Jet that is passing through this
, ve (13

Jot Formation

Historically, a fair qualitative pieture of th~ process of jet
penstration had bsen obtained by HacDeugall (4) before anyone had
obtalond any reasonable model for the process of jet formation. Both
the Hill-Mott=Pack and ryy ponatration relations were developed from
the MacDougsll model.

#L, Zernow and J. Simon of the IRL have werified the secondary
interference with and the disrupiion of the jet, on passing
through glass, by means of their very high quality flash radiographs.
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I look back on the Shaped Charge Symposium held at 1703 Thirty-
Second St., Washington, D, C, on March 29, 16,3, where I was first
introduced to this subject, as thn mest interesting symposium I have
attended., The list* of individuals who attended that meeting assured
that it could not be dull. Seager presented von Neumann's theory of
interacting shock waves as an oxplanation of the unlined cavity cffect.
MacDougall presented the ERL theory of jet formation with lined cavities,
which was based on von Neumann's theory for unlined cavities, lio also
presented his model for jet penetration which I heve discussed, ‘he
early British view of psnetration was nout prescntcd bocause no one was
there to sponsor it, W. L, Lawaon presented the DuFont theory of jet

formation
*The miza of this meeting list the names of the following persons as

being present.,
Joint Committee on Shapod Charges:
Lt. Col. C.H.M, Roberts, Chairman, Offico of Chief of Army Crdnance.

Lt. b, N, Ohl, Burean of Naval Ordnance
G. B, Kistiakowsky, Naticnal Defense Renearch Commlttee

Office, Chief of Ordnance (Army):
Merk F. Massey

Navy Burean of Ordhance: .
o Jo Seeger
w. E. m

National Defense Research Committes:
De Pe MarDougail
J. G, Klrkwood

Johns Hopkins University:
R. W, Wood

New York Uniwveriity:
R, Courant

Balliatie Research Laboratories, Aberdeen Proving Ground:

0, Veblen

J. Ho Frager

Hans Lewy

Murtin Scenwarrzecnild
K, H, Kent

Davelopment and Proof Servieces; Aboardeen Proving Ground:
C. E, Hawk

E. I. DuPont deNemours and Co:
Ce Oa Davis
w. E, Lawson
Leslie B, Seely, Jr.
Malvin A. Conk

Picatinny Arsenal:
J. W, Givens

Gulf Rasearch:
Morris Muskat
. Vi, Parler
12
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Both of the theoriss of jet formation werd ingenious and appearsd
to explain nany of the cxperimentsl resylis, ERL expsriments favored
the ERL theory, DuPont eyperiments favored the MaPont theury. The
dicussicn became very heatods At one poirt, a wmember of the group said
to Kistiakowsky, “Then you do nct believe in sxperimsntal evidence,"
to which he quickly and emphatically rejoined, "Yes I do, when properly
interpréted.® The rejoinder was a classic that could no:. be forgotten.

A few weeks later I was fortunate to be ﬂaiti.n? Jegbe Clark st

B, R. L. whan he cbtained his first good radiograph (1) of e collsps-

ing liner, W had Jusi been carrying on a lively disoussion of the

merits of the two theories and had fevored oprosite sides of the question.

W¥hen the negative came out of his dark rom still wet, he 53ld it wp %

:o“umt. “\h looked long and hard and simltanrusly sgreed, *They nie
wrong. )

Birkhoff wvisited Clark a week or so latar and after logking at the
radiographs 1is said to have written dowm his hdrodynmaies theory (15)
on the spote Tuck in England obtained radiogrsphs wuch like Clark'‘s,
vhich prompted Sir Geoffysy Taylor (16) to formulate a hydrodynamioc

Yoothote continued Trom pred’eding page. .

Carreria Institute of Technologyi
Emerson M, Pogh
Praderiok Seits

Explosives Ressarch Laboratory

M. A, Panl
Baene H, Eyster
George H. Meseerly
At the June 30 meeling, this same group were in attendanos and the
following nimes were added to the list of those present,

J. B Mayer

Capt. J, C, Clark
Lo R. Littleton
Jo vor Beumann
Cols 8. Ba Swith
M, F, Roy

W, Xehl

B. B, Wilson
Otto Stern

# These radiographs were obtained on a coopsrative program between
DuPont (Ine L. B, Seeley) and FRL (Dr', Jo C, Clark),
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theory almosat identicai with Birkhoff's. The two reports bear dates leas .
thay: & month apart.,

Taylor's (17) stydy of the explosion of a long oylimdriecal berb re-
sulted ir his theorem which made the predicticna of the hydrodynamic
theory mexre realistic,

Without this theorem ne might conclude that a collapsing cylinder
(s cons with merc upex angle) should produce a jet with infinite velocity.
With this theorem the predicted jet velocity from a cylindrical liner is
only twice tha deinnation velocity. Actually tie measurement of the
velocity of a jet produced by a collapsing cyliiier is a sensitive cheok
on the validity of the Taylor theorem. Mzusurements with _large charges
at Los Alemos have furnished o striking confimmation (18)  of this
thecrem,

Non sg& Jot Formation

An example of how much onets evaluaticn of exnerimental evidence
inevitably is influenced by one's proconotived iders, is found in the
early tonclusions reschell from the sarly radiographs of Clark and Seeley.
Becsuse most of the scientisis examlning these radiographs were looking |
for evidonca ffor the steady-state assumption that must be made to jJustiy . |
|
|
\
|

the Tayloy-Birkhoif theories, the almosl uiiveraul concluaicn was that

the collapse angis remained constant throughout the collapse process. It
wae then nucessary to invoks & new phencmsnon to account for a secondary
Jot lsmuing fram the elug long after the collapse process was completed,

It was fortunate that I was deep in my analyeis of the non-steady
process of gcmtration long befose I had an opportunity to wiew the
completes set of collapas radiographe, Furihermore, my intorest in the
coliapae thoory was at firat only acedemic because it ssemed to be of
little importanse in the defense problem. I did not hear the concluaions
resuned by others before I viowed the radiographe. My immed‘ate oon-
clusion was that the collapse angle increased continuously throughout the
collspse process, slwly at first and much more rapidly at the end, It
appeared ¢to me that the basal elemonts of the linsr colleopsed very slowly
and I could m90 no avidence for a sudden or even rapid change in the
process, Thus when hostilities ended in 1945 and Col. Roberts suggested
that I continue ny fundamental studies by moving most of my group to
Brucefon, I welcomad the opportunity. At Bruceton we were able to take
over the ERL facilities vacated by MacDougall and hi2 group.

# Attempts to obtain a copy of RC 193 have met with no succesa. My
information consists of a brief note relayed from Taylor through Birkhoff
for inclusion in Jour. Apple Phya. 19, Noa. 6 pp. 563582 (June 19L8),

where it 18 included as Fig, 12, « legend, on p. 570. The theorem . :
appears in simpler form in Jour. Appl. Physe. 23, No. 5 (May 1952), Eq. (1) 1

P 53’:-%:53&3

% It I8 suggested in this article that the failure to cbserve penetrating
Jet velocitiec as high as expected roprssents a failure of the theory.

It does, in fzet, reyresent a fallure of the steady-state theory, which was
being ured. Youisur, tha non-steady theory, to be mantionsd later, shars
that tnene hieh veiocivles ghould not bs observable with the experimental
ervasens: v . -7 in this a\\rtlr.-.le.l,'
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Since I atill had many duiles on tho campus, Eichelberger toox
over direct charge of the Brucston eroup., The two of us worked in
clage coliaboration on the theury (19) of non-steady jet formation.
Norman Rostoker, who joined the group in 1948, smoothed out many of
the rough spots and investigated the validity of the assumptions,

Bichelberger (20 was primarily responsible for the development
c¢f the techniques used in verifying the theory.

Hwr the technigques of flach rudiography hava been improved ty
the Aberdeen group can be ssen by the fact that the new radiographs
by He I. Breidenbach (21) and by Zernow et al (22) can leave no doubt
that the collapse angle does increase with tim= and furthermore, that
the contour of the collapsing wall is not soulcci but curved., The
mathsmatical formulation can be expected to be right only for those
proossaes of jet fomatlon in vhich the losa of energy in the form of

heat can be ignored, It is, hewvver, gratifying that when heat energy

camot be ignored the deviations of resulis from those predicted by
mathematiocs appear to be in the expected direction.

Canelusion

It 418 hoped that this brief historical account will be found
intereating and helpful eapecially to neworwmers in the fieid, HMany

topios have been left out or inadequately covered. The svailable space,
however, dves not justify their inclusion, In scze casee briaf histcrical

aocounts are included in the chiptars, as for example, in Chapter ¥IIX
on spin compensation,

For two reasons the recent history has been subordinated to the
olders first, recent history can be found in easily available modern
reports; and sscond, it is too difficult to mvaluate objectively the
developments that are very mew,
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Bmerson 1, :u'h, Biblioeraphy, Tranzactions of' vvmpoaivm on Shaped
Charges held at Ballistic Research Laboratories kov, 13-16, 19,
PRL Report No. 537, Appendix I.

R. W. llood, "Cptical and Physical Effects of Hirh Explosives,"
Proc, Roy. Soc, London 157,249 (1936). viood credite . E, Lawaon
of &, I, DuPont de Nemours, Inc. with nasisting him with thess
experiments.

C. i, Slack and L, ¥. Ehrke, Journ. Appl. rhys. 12, 165, 1541,

G, D, Xistiakowsky, Y. P. MacDougall, and G, lI, Messerly, "The
Mechanisn of Action nf Cavity Charges," OSKD 1338, April 19L3,
Kistiakowsky infcimod me that the penatration theory in thic
report was due o Macliougall.

sxplosivus Research Laboratery interim reports from CF-3 (Nov. 15,
1942) to CF-12 (Aup, 15, 1943) and in 5C-1 (Sept, 15, 1543) and
SC=2 {Net, 2%, 1943),

Lovis .ernow, .. fromman, J. Fassek and B, Taylor, "ilnsh
Radio rapniec Study of Jots from Unrotatod 104mm Llaped Charres,*
“ransactions of Symposium on Shaped Charpes hold at Tallistic
Hesoarch Laboratories Nov, 12-16, 1951, lul Repert Ns, 0637,

Emergon M, Pugh, "A Theory of Jet Penetration," UXRD No, 3752,

.Juna 5, 1944,

R, H111, N, L, Mott and D. C, Pack, "Penetration by Munros Jots,"
A, C, 530, Feb, 16, 1ul.

"ovmposivun on «haped Charcss,® OSRD No, 57%k, Har 9, 1945,

R, J, Eichelberrer, "I'indamental Principles of Jet Panetration,"
0SRD Yo, hlhuﬂ, s+ 3‘3"373 :eptl 153 19“4‘10

llonthlv Report “TRaith, 4w Wh29h, JIDRC Liv, 2 (March 1¢, 245},

B, M, fuik, i.. J. odchelherger and R. Hoine-Celdorn, ...J4i flo.
Sho2¢, pp. 25=31, aue, 15, 1945,

CIT-ORD-L1, Sect. B (vet. 1952).

Le Iy Seeley and J:. C, Clark, "lidgn--peoed hadlocrarny tidles of
Controlled Frarmunts," wil :pt. 368, June 16, 1343,

~rot dirkhoff, "Mathgmatical Jat Theory of Lined Hollow Churmea,®
BK.L, Ko, 370, June 18, 1943,
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G, I. Taylor (later Sir Geoffrey Taylor), "A Formalation of
Mr. Tuck's Gonception of Munros Jets,® AC 3724, May 27, 1943,

G, I, Taylor, "The Explosion of Long Cylindrical Bomb," RC 193,
date unknown.

W. S, Koski, F, A. Lucy, R. G. Shreffler and F. J, Willig, Jour, Appl.
Phys. 23, 1300~5, (nag’msz). ' .

B, M, Pugh, R, J, Eichelbergsr and N, Rostoker, Jour. Appl. Fhys. 2
No. 5 pp. §32-536 (May 1952§‘ ’ . 2

R, J. Eichelberger and 8, M. Pugh, Jour. Appl. Phys. 23, pp. 537~
sh2 (May 1952), ! @

‘Ho I. Breaidenbach,"The Evolution of Jets from Cavity Charges as

shown by Mlash Hadiographs,” ERL Rpt. 808, April 1952,

L. Zernow, 8. Kromman, F. Rayfield and J. Simon, "Flash Radiography
of Collapsing 105mm Shaped Cha: @@ Liners," BRL Rpt, 846, Feb, 1953,

17

CONFIDENTIAL




CONFIDENTIAL

o e,

I 3HN914

3NSOTIdX3 2 IS0 T3

h 1NOY3 :.I/ .\\\\..v..._wotul
T WL

/

oMSYI

16

CONFIDENTIAL

e



= T

CONFIDENTIAL

CHAPTER X1
STATYS OF THEORY
Garrett Birkhoff

Harvard University
Canbridge, Massachusstts

L, H, Thomas

Watson Soientifie Commiting Labaratory
New York, N, 7.

8 1. Detonation wave

The detonztion process is most easily 5»1oturod in terms of the
passags of a “detonation front" (see Fig, 1) through the owplosive,
with the velocity ¥y i the range (1), ?2} §-9 rm/usuc {.n/sec), Lehind

this detonution front, pressures p, of the order of 227,700 atm and
temperatures 1‘1 - 2500° « ,000°C xre commonly obssrved (5). “he total

chamical encrgies feeding the detonation are of the arder (1), (2) of

3 « 1,000 gra. Thr detonation front is regarded as a shock surface
followed by » "reactiom woua® in which chemjcal reaction takea pluce,
and the thicikmess of which 15 estimated (L)" to Le of thv order of

lmm for most solid explosives, corrssponding to 0.1 miecrosecord reaction
time,

From Vp, B, and an assumed squation of state, one can estimita

Py» Ty, and the particle velocity behind the detonation front by the

conservation of mass, momentus, and energy. The se-called Chapman-
Jougoet condition (5% gives a fourth equation, from which Vp itself can

be prodicted., However, the equations of state of solids under high
tumperatures and shock pressures ire not accuvately known {(6), ani so
the preceding method i® of limitsd practical value, See Chapter 7,

8 2 for n more detailed discussion.

If one acsumes that Vp 18 a constant for & given explosive, so

‘that the datonation front propagntes by Huygens' principie (7) (juet as

in geometrical optics), one has & rational basis for "shaping® sxplosive
waves by peripherzl initiation, or &y using composite charges having

different detonstion velocities in different regions {8.g:, having inert
cores). Actually, VD may be affected by the curvature of the detonation

front, ad composite charges are espscially liable to dmperfectione,

#Zome workers (see for instanco Techa., Report XIII, Univ, of Utah, May
15, 1953, by Cook, Filler, and Keyes) considcer it nscessary to take
into account a much wider band even for a {iprst approximation.
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In lined cavity charpes, the primary sffcct of the explosive is
through the collapse velocity V whish it transmits to the liner, in the
high=pressurs zone behind the detonation front. This velocity is
transmitted, by a complicated procass of multiple shock reflection,
(8), (9) in 5-50 psecs. The net effect of thece mutliple reflections
has besn shown by Rostoker and Murray (iG) (il) to be nearly the same
as if the liner vere rigid. The effact of finite cfarge dimensions and
confinement are not easy to determine; Eichelberger® (12), (13), (L)
hag made rough estima*tes of these effects using a crude "release wave"
conaept which involves an empirical parameter K estimated by other exe-
periments. Related estimates of the depandence V = £(C/M) of casing
fragnent velocity on the charge to mass ratio C/M may be found in the
clessified 14corature. (15), (16), (17), (18}, (13}

However, even for plane liners, the gquantitative accuracy of the
predictions 1s uncertain, The extension of the analynis ‘o conical
1iners in eylindrical casirgs presonta foarmidable new difi'iculties,
Especially, the applicability of analogms_fgrmulas near the apex, the
base flange, and to desply fluted liners (E 8 L, 11) shonld be viewad
with skepticism, until much m.re progress has been made.

B2, Jet formationi “sero oider" theory

In the vose of conical Liners with cone angle 2a the sinplaat
picture is to asmme that the liner collapses with a constant velocity
‘70, and in & comiflant direction, Applying Bernoulli's equatinn to

& noving reforence frame, this direction bisscte the angle 20 betwsen
the normal to the uncnllapssd liner, and the normal to the collapsing
liner (see Fig. 2a). If one than neglects internmal shear stresses and

shocks (increase of entropy), om obtaine the steady state hydrodynamicgl

Sory of Jet formation. According to this thoory, the coliapsing cone
o8 into a high speed jet and a slower slug, whose mass-ratio is
(in tarms of the angle P betwesn the collapsing liner and the axis).

(1) my/m, = (1 + cos /(1 - cos B) = cot? (p/2),

and whose velocitias are respectively

oo8 4/2 sin a/2
(@) s*V% 3 Z Vo " ¥y o3 .

As the details of this theory have buen published”™, we shall not
repeat them here,

* Botiaates of ¥V, (x) may vary by 50% or more, deperding on K.

%t See (20) for the derivation, The form used here 1s that given
in (21‘5 quationl (5" - (éb)’ P 5314» *
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DETONATION WAVE

PIGURE 2a

FIGURE 2b
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We reeall, however, that if an incomprecsible wedge~shaped liner is
considersd, the complete velocily fisld may be found by conformal mapping
(22). Thiz has ascnotimes led to the erronecus impression that incompres-
8ibility must be assumea in derivinF equations(1) - (2), In fgct the
aemmntions nseded to dorive (1) = (2) are the follouing (cf, 8]

(1) Stesdy state flow, in a moving reference frume, Strictly
speaking, this requires a plane detonation wave, and a liner whose thick-
ness is inversely proportional to the distance frem the cone apex,

(11) Shear forces are negligibls, Since the yieid struss of mild

stssl is only 8,%0 atiie
(ii1) Isentropic, shock-free flow (cf, 8 %),

(iv) Conatant pressure on the liner near the stagnation point J,
the same inside and cutside the liner.

(v) Asymptotically uniform flow in the liner, jet, and slug, away
from the stagnation point J.

From the precading assymptions, it follows that, relative to axes
mv% with the collapse (stagnation)peint J, we have the Barnovilli
aquation (by (1) - (114), and hence (by (1v) « (v)) the seme relative
volocity in the jet, slug, and collapsing liner (mee Fig, 2b).

The equations (1) - (2) have been confirmed experimentally nsar
the of {he cone, Espscially is this true of the predictions that
the Je ngth should equal the slug length, and of ths initial VJ.

However, near the base of the cone, the collaspge angls \ncreassy rapidly,
the observed md/.i is considerably larger (23) tham thid predicied by

(1.), and the jet becomes seversl times longer than the slug, We shall
now attespt Lo rationalise these fagis, foliowdng ideas first explicitly
formleted by Pughs (21), (24), (25)*¥ (26)

B 3, Jet formstion: "first order® theory

In HeB.A.T. 8hell with conical liners (Fig. 1), it is obvicus thet
C/M, the charge/mass ratio in a oross-ssotion, decreases from infinity go
to a mall qantity, w one_moves along the liner axis (x-axis) fram
apex to base, Hence (ef. 8 1) the collapse velocity 7. (x) may be expected
%6 deoresse ocorrespordingly, in a way which can be x*ou&hly predicted.
It would be desivebla to have accurate direct experimental measuremenis
of vo(:}. However, inferences from X-radiographs are not accurate, and

® This was found in 1943 at Sruceton,
## Bgg 2D) s Where the theory purperis to predict sverything from
ud/n and g0

*##The data were reported by Dean Mallory of the H. 0, L.
22
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If one assumes that (vi) thers is nezligibla momentum transfeyr
ufter the initial phases of the collapse proceas, one concludes tha™
sach linsr element from the ring-shaped sone with iniilal poaliten »
moves with qonstant velocity V {x) in a straight 1ins until 1t cach -

the liner axie.” Since the collapas direction bisects tha juitiul
angie between the initial norme’. to the collapsing linsr and the normal
to the original cone, one can predict from Vo(x) and the initial collapse

angle, the shape of the collapsing liner at all timms, The predicted

collapae profile agrees with observation, at lsadt qualitavively.

As enphasiged by Pugh, Bichelberger and Rostoksr (30), (22) who

originated ths preceding "first order™ theory, the inferred loc
co)lapae angle Blx) and local relative veloclby ¥ (x) on the axis will

incroase and decrease markedly as ws move from apex to base, By (2),
the inersase in B(x) accentuates the jet velooity gradient, so that
V‘:L(x) decreases to a fraction of its initial value, **

With cones, che relative change in f(x) and vl(x) per liner
thi.gkmn small; hence it seems rosscnsble to asmwas™that the thoory
of U 2 1s locally applicable to these quantities. At lcsgt, this
saswption gives a iimple baais for calovlating, us funot of 1,
tha velocity V, (x) of jet formation and masa-ratio uj(x)/- x),

8 . Applicability of theory

The group at Curnegle Tech. hes published (32), (33), (34)
experimental evidence sonfirming the idea that the jet masa and veleeity
gradient can be predioted approximately by the preceding "first ordea®
thecry. Brisfly outlined, their coniirmation proceeds ao follows:

“The theory has been worimd out in detail for the case whare a
plane detonation wave travels parallel to the axis of a oconical liner,
Four independent oquations are obtaired relating seven different variadble
functions of the coordinate x, where x defines the original poaition
of a scaal slamasat in ths undsisturbed linsx. These seven variables are
1istsd below, together with their definitions and the methods of deiere
nining them. .

Variable Definition : Msthod of DNetermining Expt.
d= Mass of original cons Direct wilghing of sectioned A
olement. conet .
. ‘dﬁ‘.........Mau..of..alug.e:!annnt............S:ug_mtiana. frem seatiqned... B . . . .
cones are recovered amd
dld Mass of jet elsment. Infsrrod from dzr.d = dn - dm.

# Tha stability of this method of gaiculaticn has bean discussed by
Hidson and Jirdner (28); ses also 8 12 below, Actualiy, plastic forces
cause some deflection; see (25},

#% Very good data ars given in (31) by Breidamhach,
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Variable Definition Method of Determining Expt.
v Velocity of jet elsment. Measured as a function of €
J , M 5 with a rotating mirror
camerat

sombined with the collection D
and weighing of sections cf

the Jet.
Vo Velocity of collapsing DTiffiecult to measure direcily,
g cone slsment. but may be approximated from
the :')lease wave theory.
[ Angle defining the di- Difficult to measure.
rection of collapse of
the liner element.
g Anglr between collapsing Flash radiographs provide
elemwnt and the cone semi~quantitative values,

axis,

Experiments A, B, C, and D, (35) performed on standard charges
with steel liners, provided sets of values which could be used with
the four independent oGuations to determine two independent sets of
values for V:f:.i) and f{xj. The agreement between these two inde=
pendent sets was excellent. Flash radiographs by Clark, (35)
Breidenbach (31) and Zernow (37) on similarly shaped charges provide
values of B (x) that are in good qualitative agreement with the
above sats. ZRxperiments A, B, and C, perf on canes of aluminum
copper, an’ steel, with apex angles from 22° to 88° and with liner
thicknesses from 0,022 in. to 0,056 in. have provided similar semi-
quantitative verifications for this wider rangw of variables., With
this large wvariety of charges, the values of V (x) estimated from

"relesss waw" calculations are in fair agreement with those obtained

by substituting the results of experiments A, B, and C into the four
equations. Deviations appear to be in the direction expected from
consideration of strength effects. “R»leas> wave™ calculations also have
provided similar verification with charges having explosives shaped

very differently from those in the standard charge."

However, tha acouracy of the preceding "first order® hydrodynamical
theory is obviousiy limlted by the validity of assumptiona (11) - (v)

of § 2, and the assumptian (¥.). of § 3, thet the.relatiya.changa in

...........................

B(x) and Vl(x) per liner thickness is mmall. We shall now give an a

% ioi dacussion of tho validity of thess assumptions.” The mamnitudss

- ¢ resuliyng departures from the simplified picture are not 2;-*;1
ard are very difficult to sstimate,

(1} Near the end of ccliapss, when the liner necks_down (sec Fig. 2}
it iz 2ard to dee why the Bernodll equation should be locally appifoablz,
Also, (v) saems anconvinelng, and there 1s a considerable interchange of
#3en {34) for 2 gemadhat diferent 2,:.m:;;lys:i.zs.
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momentum betweon liner olsments, contradicting (vi).

(1) Matallurgical evidence indicates (38), {39) that jhe shewr
Stresses ars enough to heat the core « the liner up %o 1500°F, corres-
ponding to the mechanical energy of a veloclty ¢f 2500 meters/sec, or to
a velocity drop from 8000 to 7600 msaters/sec. Also, early Brucaton
experiments (40), (L1) showed that with reduced explosive energy, the
ratio mj/"s was appreciably altered. Incidentally, shoar strength is

inoreased markedly by hydrostatic pressure (42)., These facts indicave
et hydrodynamical theories camot be used much bensath the raxngs
of explosive energies involvad, especially near the tail of the jnt..

(111) Haeting bty shock waves, Tha data of 8 5 show that, with
Jet velocities only 2-3 times those abtained from service rounds, such
ef'fects are oritical,

(4v) The explosive exsrts a corsiderable pressure 'squeese'’ on
the sluge It is hard to estimute the magnitude of the pressure, but
it would, of course, tend to lengthen the jet. Z-radiographs reveal
a high-preasure zose in the shape of an inverted oone," and a change
in the shape of the slug after collapss is complets, -

BUITORIAL NOTE

Since the praparation of this chapter by the authors, a usaful
aralysis of shaped charge liner collapse has been developed to which
attention should be called. Jackson and Clark considered the Froblem
of lagrangs. 'Tha equations of motion of two pistons driven by gas
confined between them, were obtained in terms of dimensionless paramsters
and iategrated in closed form. Roatoker (CIT) obteined a similar result
for &4 more rewtrioted case, The Jackson and Clark molution wam applied
to the elament ¢of a shaped charge liner. The shook reflocted from tha
liner was included by using an enhanced sound velooity. The motion of
the liner was tuken normal to the surface, nodified by a small component
parallal to the surface due to ths contluuwwcly vaiyiig pressure behind
the detonation front.

Having thus obtainod the mass, dirsction and velocity of the liner
elemand, ths characteristics of the slug and Jet elenents were obtained
by the usuai hydrodynamlc nethods,

Tho ecuetions uave been coded far use with the ORDVAC and solutions
can be roadily ohtained for any liner whose garsrator can be represented
by a continuous equation, and for point or paripheral initiation. To date

several cages have beesu camputed for which experimental values are awaiir ..o y

" uble for comparison, The agreement was gouwd.

The end result cbtalnsd is simllar to that obiained by the CIT delease
Waws and Generalized Shaped Chargs Theories but no direct comparison of
numerical resulus Ifrom the two theories hes yet been made,

¥hvident 1n PRL photographs, taken by Sulienoff. For the change in the
alug, see Breidonhach, BRL B0B. (31)
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B, Wtra-tusy Jets

Soma light is shed on the limitations of hydrodynamical jet theoories
by data recently released by Los Alamos (6)s Among the relevant facts
obaerved experimentally, the following deserve mention.

As first suggested in 1945 by K. Fuchs and P, Stein, for a
sufficlently small angle between two impinging plane surfaces (corres-
pording to ths collapse of a wedgs-ahaped liner), a jotless impact is
possible, The oritical mg?.oou the %ame as for attached shock flow
past a wedgo, and is about 30 forr dursl, mild stesl, lead, and brass, at
impact velositdes of around 3 Km/sec. (Fig. L).

Mathematical analysis shows (L3) that no analegous jetloss collapse
of conical liners is possible, Consequently, the use of conwerging detona~
tion waves and very small cons angles 28 should yield arbitrarily high
Jot wlocities V, of about 2V° csc ¢, according to the hydrodynamical

thearies (L4)" of 8 8 2.3, Houever, actual jets traveling at these
speeds tend to spread laterally as if they wore gassous,md deviations
from the hydrodynamiczl thecry bscoms evident for V, around 50 Xa/sec.

3
86, Jot breakp

Dus tc the Jet veloclty gradient already mentioned, the jet may be
expected to lengthean continuoualy, while moving ahoad in a straight lina.
in the case of wll-formed (cf, Ch.I1I), unrotated (cf. Ch, VI) charges
and liners, a stvaight, steadily lengthening jet is in faot cbserved,
However, real jeir always brsak=-up into streams of particles sooner or
later (5« Tge 3)s The time of break-up has an important effect on pene=
tration (of. B 8 below).

With steel liners, break-up ordinarily ocours within a few cone o,
diametersof travel) (u8), while far copper liners, as first prediocted (49)
by Pugh and later oonfirmed experimentally, oconsiderable ductile drawing
ooours, and break=up is much later. Thers are sxbonsivs expirical data
on the mass~distribution nf jet particles {52) while the existence of

#*  For exaupla, Af Vy = 3 Km/sec. and 26 = 10°, vJ = 80 Km/aen.

#% For mathematical details, ses (U5), (L6), or (LT7).

W4 For experimental confirmation, me ts0) (51).

ﬂﬂgxa; zcent Jjet x=ray pictures taken at the BRi, and
ta.
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adeQuate t.heorj.os* of the break=-up of steol shell and bomh cases suggests
that analogous quasiempirical theories of Jet bresk-up can periiaps be
constructed, within the framewcri of the classical machanies of cuntinua.

The conditions of fracture under tenzion are not yet very clearly
understoude For & good theory we would nsed to know, in ths first piace,
how the stress in the materisal depands not oﬂy on the strain but on the
rate of strain and on the past history. (5L)

The facte that faco-centered subds orystals tend 4o Le ducills (56)
srd that cast iron and steel bebave so dl fferently under ordinary ocon<
ditions suggest that a fendamental iheory must take account of crystalline
and pelyuryatalline structure of the material. PMurther, actual fracture

may involve an instatility of plastic flow or the propagation of a craok (su)™*

and may, for this reason, also happen differently at high speads,

§7. stmiarity

If the diaxeter is taken ns the unit of length, the "Law of Crans"
asserts that geometrically similar shaped charge ram“'or videly varyirg
diamoter ¢ behawe spproximately similarly (57), (58).

* The best theoretical basis for this faci consists in the principle

(30, 30a) that the al and explosive stresses involwed dapand mainly
on the (57), (58) and much lesss oa the t.%’_’gg of strain,
Although & prineip 3 not exact, and is presuma not applicable

to the reaction suae, to viscous effects, o to jet break-up, 1% has
mifioient validity to bu wvory wseful in analysing existing data.

Applied to rotating shapud cherges, it prediots that the relative
deterloration in shaped charge performance dus to spin, with similar
rounds of diffarent diamater d spinning at @ r.p.s., shculd be deter-
mined by “he spin parameter wd msasuring tie peripheral wiogity rather
than by « itself. This peripheral velocity od is clearly Vi/n, where ¥,

is the impaci velooity, and 1/n the twist of rifling (in turns per
oﬂib.r).

# For theorles of shell fraguentativn, noe N. F, Mott, (53).
#% Far the variation in stress with rate of strain, see (55).
##i8¢e also the extensive tests by Schardin, to be rsported in Vol. 6
of the Comme. Anpl. Math,
w#ha¥or the argument, sce O. firkhoff (57), where wvarious special cases
&ﬂa wﬂﬁtad. . ver s ‘e . . .- . e .
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The preceding pradiction is in fair apresment with availabls
experimental data.®

Consideratione of similitude often help greatly in detarmining
the linits of applicability of thecries, which are commonly invariant
under large group3 of transformations. For instance, with explosives
having the same adlabatic ccnstant y, if the liner and casing are
treated as incompressible fluids, then the bshavicor is geomotrically
similar with reduced velocigz o VE , regardless of the explosive
ensrgy K, providec tha e Getonation velooity is lowered in pro-
poriion to ¥ . iHence, reductions in psmtration which oceur T with

dilute explosivwes liks thoss dus 4o ths strengih L the tarjst matorial

are probably corrvlated with limitations in the applicability of
strictly hydrodynamical theories like those of 8§ 8 2-3 and #§ 6,

8 8, Penetration: "a¢ o order" theory

A contimuous perfectly formed fluid jet of density p:J s moving
with coustant velocity VJ s should penetrate a targst of density p with

a constant velooity U, which can be roughly prodichd‘" from the
continuity of pressura at the “stagnation point" (Fig, %), where the
tip of the jet is boring into the target. In a reference {rame moving
with velocity U, neglecting target strength and compressibility,
Barnoulli's Thacrem assumes the simple fomm

(3) $oy (v, ~0) m 3 p0%,
Hente, the rate of penstration U satisfiocs the equation
Us (93/9)1/2 (v, -v),

vhere VJ -~ U is the rate at which the jet is being used up., Solving,
we get the Rili-Mott-Pack equation™

(W) F = (o, /e)? 1,

connacting the total depth of penetration P with the total jetelength L
for uniform, incampressible IIu'T Jets,™ !

®*  See (60), whera the contrary conclusion is resched that P/d = f(w) j
Theory suggests P/d = £(ad). However, "apitback" fuzes support the
viev expressed here, as do more recent (.I.T. experiments. Ses {51).

#  Early Bruceton sxporimsnts,

##%  The method 43 due 4o R, Hill, N, ¥, Moti, and D, C, Pack (A2),

. wwe# MacDougall and Pugh.obtained this equation indepsndently,
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Becauss of the aa‘mm‘ption v - conﬁt.,' which éox-raapands to the

model of 8 2, thia may ba called & “gero order" pheory. Comdining with
8 2, weo =06 that L = (d/2) esc P is nearly the cone sdant height.
Actuslly, total penetrations several timgs this depth are obtained at
large standoff for reasons explained in 8 9, However, equation (3)
can be used to iufer tha useful equations

(5) U= v‘.’/(l ¢ VP/PJ)

(53 By +§ 0 V% = § 0y /0 0 2 o fo ¢ oy/e),

from which the mlgg&ima penetration velocity U and stagnation
pressure p, can spproximately inferred.

Thus (63)0n jeta penetrating Hy0 at L mm/usoc have been observed by
Kerr cell photography. Again, a 10 mm/psec stuel Jot will penstrate a
stee). target at U = V./2 « 5 ym/usec, according to (5), giving a

stagnation pressure p"=-‘500,000 atm., roughly. This obviously greatly
sxcends tra yiald stringth of stzsl, justifying the hydrodynamical mecel.

In two dimensions (w.g., for wedge-shaped cutting charges), even
fthe pressure distribution can be detormined mathematically. (6h5

ﬂ 9. Penstration: "first ordep® theory

The oonziderations of § 3 1ead to an important modifgcation of
formula (4) due ¢ Pugh and Fireman (65), (66), (46) (57)"which eaplains
the observe. variation in penevration with standoff. In this modlfication,
one ANSUMOS & F%.gvuntm in the jet velocity and density along its
length, so tha rnoulllfs Theorem is locally applinable. This gives

(hn)P-I/ﬁfd [,’ﬁ;{;}

whrre pj(x) 12 the "affective® density of the jet when it reaches the
target.

Looking only at the first factor in (4a), we see that, for different
taxges » Pxl/ /o . Thus, weight for weight, low denaity
materials praovide Zhe bast defense agalnst ahaped charges, as iong as
vj(-_r) is so large that the target yi ld-strength is negligibie, For

mild stesl, with a yield strength of 8GU0 atm.; this corresponds to
Vj7 >450 meters/sec, which is not verifiad near the tall end.of the

jet. Tris explains qualitatively why penetraticns intc mild steel are
108 - 15% deeper than into armor: The latter has greater yield strength.

& The qualitative ides is in (58).
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However, the proportionality P o1/ |/p has veen confirmed approxi=
mately for gany materials, quartu-like materials being the most notable
sxceptions.” A more detallsd dipcussion will be glven in Gh, 14,

Looking directly at (L), or ot its refinement (La), it is clear
that the %ggvmam in_psnetration P with standeff S may be explained
qualitative r the ?.ongenoy of Uhe jet to lengthen as it progresses,
and hencz, indirectly, by the velocity gradient along the jet. This
factor, rather than any overall iacresse in velocity, is considered

responsible for the meroment. in penstration with peripheral
initiation. (69), (70)

The quantitative application o2 (4a) requires a successful pre-
diction of Pye This is variable, because of jet hreak-up, rotstion,

and other factars. It is convenient to distinguish several cases,
in trying to describe the dependence of penetration P on standoff S.

I. In the case of well-formed Cu jeis, it is believed that
duotile drawing makes p 3 consrtant, out to a large standeff, Hence

Pup(l+as8), Other fluid jets are liss effective: this may be
dus %0 lowwr densily, wavering, or other factors (71).

I1. In ths case nf parfectly rligned particle jets, Py dacreases

in inverse proportion tn de, uothntafomhofthetyps?-l’o 1+a8
is inforred.

Iil. in the case of unaligned jets, whather gue to imperfections
due to "spreading,"

or rotatiom, p.l' deorsases also in xl:r jon to 8
+
go that a formula of the type P @ is inforred,
Curves of the precedin{ type can he roughly fitted to observed
data; the larges experimental scatter prevents more uxmct conclusions

from being drawm. Ideally, especially in Caze I, it might be possible
to infer an optimum V (x) from theoreticnl considerationa, Dut o large

amount of empirical werk at bBruceton, during ‘orld War II, falled to
improve substantially on conical liners,

Remark 1., Although the pracedlng "first ordsr' hydrodynamical
theory of penetration has beon applied abowe only to homogeneous targets,
gimple extensions give a Quite adequate explanatiun of penetration into
non-homogeneous, spaced or laminated targety. Thesa extensions involve
a concept of 3prasidual penetration,® which we have not space enoush to

exniain hero.

‘% Yor a disoussion of this, see Chap. 71X, 8 5. Another exception is
provided bty abrormally deep penetrations into lead; siill another, by .
the fact that penstrations into mild steel are 10% - 15% deeper than
those intc lsad. These facts may bs corrclatod with difivrences in
yield point, or wiuii the concapt of "afterflow" (cf. (68), and (66) p.87).

#* 3e¢ {72) for details,
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Remark 2. The hole volume i3 harder to predict theoretically.
"Helie'=® Law" of the prcpm"tionalit'{ of hole volume to availatlo energy
(jet energy) is approximately valid® at low speeds., According to the
hydrodyhamical theory (64) infinite volumes could be wbtained, tut ths
yield-stress limits the growth of the hols,

8 10, Bffect of Rotaticn

It was observed as early as 1943 that rotation caused a large
decrease in penetration P, and that this effect wes especially
noticeable at large standoff.®™ Typical records of ©/d as a funection
of wd (of, 8 7 abovs, Ch. 7II bolow) are plotted in Fig. 6. The
reduction in penstration by spin may be attrituted to lateral disporsion
of the jet, which decreasss its effective mea'donaity. This lateral
dispersion 4= also evident in K-radiographs. Thus, the ;et velooity
and momentum are about the same as for unrotated liners (77).

Assuming that jet particles mova in straight lines, we may corre-
late with the penetration theory of § 9, since the mean density p will
be proportional to ths inverse square 1/8° of the standofi 8, Thue,
at large standoff 8, the penetration P should be proportional to 1/8,
and one mey expuct a decrease in penstration aa standoff lengthens,.

he X=ray pictuwas aametiman Liww 4 bifurcation of the jet (76)
and & theory of the instabilify of @ lengthening ratating jet is in
process of construction (see B 11 (1i1) below).

811, Spin compensation

Attampta have been made to improve the performance of spine-stabiliszed
shell, by using varions non-conical, axially symmetric liners (of. Ch, VII
below). Howsver, such attempts have not been promising at high rates of

i
spin and so the major emphasis has besn on the design of fluted liners
not having axial symetry.

‘The idea urderlying the use of fluted liners is that of "spin compen-
sation" = i,6,, of annihilating the angular momeptum of the liner so as
t0 inhibit the jet spreading alresdy discussed (B 10), This is not mite
the sme as the original idea of using "offsets® (of. Fig, 7a) to wake
most of the liner collapse on tha axiu,

A
¥ "Helevant dato for particle impacts have resently been obteined at
C.I.T. Barlier date veported by Roberts and Ubbelchda, (73) or (7h)
are consistent with Helie's Law., Therc is an intarutin% analogy with
the cavities formed behind missiles entering waier; of. (75) and (39),
p«‘- 12‘
© @ Spe 39;, Sections V, XII, for World War II-data and references,
#» S¢e (76), where a gnrod discussion of the preceding material may be
found. -
wiThey may, however, be adequats for slowly spinning rounds. Adequate
compensation for normal, 3pin-stobilized rounds at 2000 £/s has not
yat been achisved by any means,
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Generally uspeaking, one may hope to achieve soms 8pin compensation
uding wavy fiutings, in which the wull is thicker on the forward side,
as in Mg, Tb. This is because e mogehlyg transferred is nsarily normal
to the liner suriace, and proportional to its thickness.®

g

Near the base of the liner, where rotation offects are most serious,
one may also hope to convert sme of the axial momentun of the explosive
behind the shook wave into rotational momentum, by using al flvtings,
wiicse mgle with a meridian plane becomes progressively stesper,

However, the mechanisa of spin compensation is not yet clearly
understocd, Thas, with several designs, even the direction of spin
compensation is revorsed Ly changing the numbar of flutings, and this
seems hard to explain. Again, the consideration that unifcra presmire
of the sxploaive o the surface, howewer {luted, would produce axsctly
sero ccmpensation, shows that a fairly sophistiosted theory is required,
which must probably include - detailed duculuan of the explosive-liner
interaction, perhaps by mmerical methods (sce 8 12 below).

For the presant, we must rely mainly on empirical data. Any Success-
ful theory must éxplain not only the direoiion of spin compensation but
also ite magnitude for the shapes discussed in detail in Chap, VIII,

8 12, . Perturbetion nathods

tben a problem is tuo oomplicated for exact analytical solution, it
is often possitls to start with an exact solution of a special case or -
of a simplified problen, and to consider tlw effect of mmall departures
(*parturbations®) from this aclution, To the firat order in the perturba-
tion, we have a linesr problam, whioch will, however, usually still bs
touv diffioult for analytical solution, If further the linssr prdblem
tarns cul {6 have separable variables, in general or in special cases,
or if somd spscial cases, on account of symmetry, involve only oad
variac.e; one may ba ahls to ocbtain analytical solutions,

In general, in order o carzy cut such & progras, om must make
drastic restrictions on the propsrties of the materials involved, or on
-tho initial conditions, to obtein an exact solution fram which to start,
Alno, one can oftei: foive the limdar pertairbation eguations analytically,
by separating variebles, only for special cases or configurations. In
the end, we usually have the further eppraximation that the perturbation
is taken into account only to the first order.

Wae (19). A malitative discussion of this was given in (80).
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Wa must therefore ba very cautious in muking applications of tha
results of perturbation caloulaticns for shapod charges, e specially
since we do not have at all axact knowledge of the properties of the
materials under the actual conditions. They do, however, where they
can be made, give insight into the atability of the exact solutions.

It would be encouraging if we could obtain perturbation svlutions
starting from the steady state two-dimonsional fiow or axally
aymmetrical three-dimensional flow described above (B 2) so as to
estimate the affects of departure from ataady state condltions on account
of geometrical faotors or of the contdnui g preasure of the explosive
gases as well as s eifscism of the actual compreseivilivy and of the
internal stressas in the material, but only some very Special cases,
of which we shall give three examples, have bsen treated with any success.

(1) If we suppose the liner to be very thin and weak (one-
dimensional), and neglect its interpal stresses campletely, even the
hydrostatic pressure, we may obtain” simple equations for its moticn
under continuing explosion gas pressure. I a denotes the Lagranglan
nass variable, and x{a,t), y(a,t) denote the position of a point on
the liner, the equations of motion are

(7) 8% x/at® = - p 3y/aa, 8% y/2% = p ax/da,

vhere p(t) denotes the prassure st tims t supposad camstant in space.
These eqiations are essentially unstable; in the sense that any waviness
increases ¢xncuentially, and it is tempting to relate this to the extreme
senaitivity uf performance to indtial departure fyui symmetry (Chs. IIY
™, V). It% should, however, be remarked that constant pressure could
uwot be maintained by the gasuz ugainst exponentially increasing waviness,
and in the limiting case of the flow of jas into a wacnum; a definite
smooth boundary may be maintained.

(11) By perturbing the exact solution, dus to Rayleigh, for =
collapsing spherical or oylindrical cavity surrcunded by incompressibls
fludd, ons can show that the inner wall tenis to be s?bl_g while it is
beilng accelerated radially, and wnatable while it is being decelorated.
These ars the well-kncwn conditions ol Taylor instability. In addition,
in the ocass of n smpharieal cavity huving irward.oadial acceleration,
there is an instability due to negative dumping.” (81), (82)

(111) The stability of a very long uniform uniformly extending
jet may bs investigated by parturbation theory (83). If w. auppose the
material incompressible, the uteady motion remains geometirically sirdlar
to 1tself under longlitudinal axtension and lateral contraction even if
rotation and internal stiesses of plastic type are taken into account.
“THe yield stress may even change with time, as by work hardeming.

WB3 ToOtNots ¥ puge 23, ~th referemses,

*W'.l‘hé“ir'x;t,ability due to neputive damping was i‘{r':é’f_.l. ?d-i'r:-{ea mit 'by' T

one of us.
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Tn terms of time t and coordinates x. y, contracting transversely
and s extending longitudinally (se that x/ /%, y/ /%, and 2 t, are
unscaled coordinates), the equations for smsll changes in velocity
preportional to u y%, vy/T, and w/t, take the form

3p

o(B-omv) -o(3E - 2E) A B

p(%oiytu) -t(?%' + 1_91_3:%, "

o o 1 Py apg)
P E ‘/t-(_ﬁ + ' +
vhere vt s the angular velocity of rotation and p._ , ++« Pgg
are components of stress,

s

o 5 l‘_'

The pertarbation equations are separable in suitable variasbles,
bat we still have to determine the rate of change of amplitude of
various modes in a complicated linear system whose coefficients are
variable in the time, The frequently observed bifurcation under
rotation may perhaps be understood qualitatively, when the salution
has been carried through.

In jet break-up problems, the initially high internal hydrostatic
pressure rspidly drops to zero and, for a rotating jet, becames negativs,
so the assumption of incormpressibility may be not too far from tha
truth. .

8 15. MNumerical methods

Most unsolved shaped charge problems are highly non-linear, and
cannot be sclved analytically or by verturbation methods. Hence they
m:et be solved mmerically,

For mmerical solution, problems can be roughly classified accord-
ing to the number of independent variables involved, and io-whether
they ars cf alliptic, hyperbolic, parabolic, or mixed type. Elliptic
problem# in n variables involvs ahout as much work $8l4) as hyperbolic
probleas .n a + 1 variables, proviied Suepo in the opuvo-like variavles
are about ¢ A t, where At is the time step, aad ¢ is the analog of
sound valocity (85).

Thus the simplest shaped charge problems for mmerical solution
conesrn tha collapse cf plane, cylindrical and spherical cavities
under appropriate detonation waves, and involve only one dimensicn
of goace, and time. The order of difficulty is the sems as for problems
concerning the propagation of plane, cylindrical and spherical blast
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waves, on which much numerical work nas been done usirg desk machines (86).
The principa) difficulty comes in knowing the right equation of atate.
Once this is known, rapid progress may be hoped for, esracially in the
initial phiases of collapse, when the differential equation is hyperbolic,

Most other unsolved s.aped charge problems are too laborious for
dezk machines, and require large-scaie computing machinery. The newer
automatiocally sequenced computing machines are fast enough to make
precotical the solution of problems requiring 107 or fewer aritlmetical
operations, This permits the solution of problems of elliptic type in
two variables, or provided the natural mesh-ratio Ax/A ¢ glving
good information is about o, of iiyperbolic type in thres variatles,

e shall now outline some proolems which f{all within these limitations.

8 1, Sows poseible problems

The first class of such problems concsrns Patesdy state® plane '
or axlally symmetric jet formation and penetration (88 2,8). These are,
in general, problems of mixed hyperbolic-elliptic type involving two
spuoe dimensions, Whon actual time variation is taken into account, we
have a problem of hyperbolic type involving two space dimensions and

time.

The axially symmetric czss includes the gensral problei of a smooth
conical liner. The plans came includes the general problem of a wedge-
shaped Jiner, Thias case alse inoludes the collapse of a cylindriocal
detonation waw on a fluted oylindrical liner, shich msy furnish us some
information about the mechanism of spin campensation.

Nore gcmrtn{ a steady state solution exists 1f the initial
dlotritution of matber is two-dimensional and if the detonation wave
travels in the third space dimenasion., The most peneral case will give
us the spiv=compensation for a fluted oylindrical liner, and we may hope
that the ewrlier part of the motion will be of hyperbolic typse. When,
howover, the geometrical interference leading to the production of a
alug and jet has to be taken into scocount, the problen must become of
olliptic type. The line of Jemarcation shonld be simdlar to the sonic
ine in fluld flow partly supersonic and partly subsonic, and may woll
incliude a strong ahcok.

It 40 teapting to do the hwirodynamical (incompressible, non~
vigcous) case firet, bacause the diflerential equations are simpler,
ug the twe-dimcnsional jot can be compared with the analytioczl solution
(5 2 abows), while the axielly m}.ﬂo case has also bhesn solved
a;;prommiy by relamtion methods s

Howewur, the acsrssaibis cums mRy actusily Ln sasier 4o anlmm
in the initial phases ~7 aollsyse than the inoomyrwsslbls case, because
it reduces the problem to was of kopartielid wyue. Indeed, low com-
preseitdlity io probably & Misadwuntage, tmarnie it leads to & high sound
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vslocity o, and necessitates using a very short time step.

It 1s to be hoped that the introduntion of plastic forces in the
liner will have the effect of viscous forces in hydrodynamics of smooth-
ing over shock fronts, so that we will not need to complicate the
mmerical work to take them into account (87)jto do so would probably
take problems involving two space dimensions and time out of range.

At the same time, to follow a motion started nearly impulaively from
nitial rest should not got one into trouble with turbulence. (Tha
actual observed formation of Mash Y's including slip streaas at

ebliqus reflsctivns of shodks in fiulds way wain us not to put too much
trust in this hope. )($0)

The generel problem of the impact of the detomation wave on a fluted
conical linex and ths subsequent collapse ¢f the liner ard formation of
a jot and slug involves thres zpace variables and time, Hance it is
probably too oomplicated for presently available machines,
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CHAPTER III
LINER PERFORMANCE

John E, Shaw

Ballistic Research Laborzatcries
Aberdeen Proving Oround, Maryland

A. Introduction
l.- Measures of liner performance

The performance cf a shaped charge liner would logically be
expressed in terms of the characteristics of the jet produced: welocity,
length, velocity gradient, density, and mass distribution. What this
jot accomplishes in penetrating a given target depends as mach on the
target as on the jet. However, it is difficult to determine some of the
Jot characteristics, while penstration into a given tarpet is readily
measurad, and the ability to perforate a given target auid to cause damage
behind the target is the end result actually wanled in most cases, For
this reason, liner performance is measured in terms of penétration’into
some homogeneous reproducible material, usually mild steel, Both mild
steel and ‘homdgeneous armor are used, but ine two are not equivalent.
Different grades or types o mild steel all give about the same awverage
penstration for a given shaped charge design but this is not tmue for
homogeneous armor. It is reported ﬁ) that the penetration of a given
Jet into steel at a fixed standoff varies essentially linearly with the
Brinell hardness of the steel. Recent work at Ballistic Research Labora-
tories and Firestone indicate that the relative penmetration intc mild
steel and homogeneous armor is alsg affected by standoff (2). The duta
show that the homogenecus armor is more effective at the longer standoffs.
For convenience in measuring depth of penstratio:. targets are eften made
22 stacks of plates 1/2% - 3% in thickness. There does not seem to be
any objection to this practice if the plates lie flat on eack other.

For some purposes, a better measure of liner performance is given
by the volume of the hole or its smallest diameter, For mcst purpeosas
the, best ‘measure would probably be some factor which indicates the
ambunt of damage dcns bshind a given target plate by the residual jet
arnd apalled materiul from the back face of the plate, It has s0 far bdten
aiffirmlt to define such a measure and more difficult to detarmins it
from the test. 1In uvuls ZiocuS0idn o iaa depth oo penstrai.ca .ato nild
steel will be used ag the meamirs of linar nerformance, except where
stated otherwise,

2., Factora affecting liner performance

Stap~~ charge liners have been made in a variety of shapes,
ineluding hemiscrares, spherical capz, cones, trumpets and combinations.

45
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Conss have become almost standard, with hemispheres and itrumpets
occasionally used for special purposes, Tha ramilta given in thie
chapter will be confined to simple conss except for some brief remarks
Zn Saction F 3 on doudle angle cone and other unusual shapes, The

gross factors affecting linex performance are the explosive chargs,
which will be discussed in Chapter V the standoff, und the diametar,
angle, thickiness, and material of the cone. It 13 generally assumsd
that a linesr scaling relation exists for shaped charge poxrformance
(Chapters II and VIII) and thore 3~ n comsiderable amount of evidence
that a linsar rolation is validJ/3) For this mason, liner dimensions in
this chapter will be given in torms of cone dimmeters - the insids
diameter of the buse of t'.o ccne = and the dianeter of the cons can be
eliminated as a faotor affecting the liner performance, Details of linex
design vhich afiect liner performance include tapered walls, the base
flange and the presence of a splt=back tube. When a spit back tube is
not used, the configuraticn of the speit - whether sharp or rounded -
sesms to 1wake little difference.

The offect of accurasy of the liner will be discussed in Seotions
C and D of this Chapters The effect of acouracy of the complete round
assenbly will be diacusaed in Chapter IV,

3¢ Rsforences

Whare murerical date mmm given, references to the scurce of the
data o;!.? usvally provided. The references most commonly used are coded
a8 followse:

NDRC Division 8 references are to interim reports for the period
Bi“no

E. I. DuPont de Nemours and Co. - DuPont ~ raferences give the
dats of the report.

Carnegle Institute of Tuchnology reports are the "Fundamentals
of Shoped Charges" series, lubeled CIT-CRD-No.

Firestons Tire amd Bubbor Co. reports are monthly progress reports,
labeled FTRC No.

thode o agture

Conés msy be made by any o & mumber of procasses, The moat common
mothods used in the past are spinning, drawing, casting, machining from
bar stock, aml electroforming followsd by machining,

Mrning In the “early days of shaped chuarge work, whin the
demands for cones were &mell, they wars mede by cutting a sector from
shest metal and roiling-it o tha desired ahape, or by spinning. Suoch
méthods aid not produce very good coned and wers soon abandoned. Howewer,

hé
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it is reported that spun cones which compare very favorably with drawm
cones can now be obtained. The poor performance of some of the e‘e‘u'ly spun
cones can now be bettsr understood in the light of recent work (4) which
shows built-in apin compansation.

2. Drawing When the demand for conss became sufficient to justify the
cost of dies, cones were mads by drawing and this is the method usually used
today for production quantities, Its advantage is low cost, Its dis-
advantage is the relatively lower accuracy in the finished cone than can

‘be obtained by machining in those cases where sxtrems accuracy is required.
8ince the acouracy required is relative, it is sufficient for large cones
tut may not be sufficisnt for small ones, This method is not usually
suitable for small quantities of a given design on account of the cost of
the dies.

3. cut%ﬁ Various methods of casting have been used. For a metal
which =hx n it freeses, casting by itself usually gives poor
accurscy. If a suitable metal, probably an alloy, which yields accurate
and homogensous castings iz found, casting may become an imporiant mathod
of mamfacture for comes, It hus been reported by Mr. G, C. Thrones,
formerly of the Naval Ordnance Test Station, that cones cast with Zamac S5,
a sinc alloy, gave 6.2 come dismsters penetration in mild steel ‘argets,
which compares vary favorably with copper cauw.. (5) Work on this type
of alloy is contiming at Firestons and at B.R.L.

e _h_c_hé%y For a few cones of very high accuracy or where the
ocost per cons 1s nct of primary importance, machining from bar stock is
preferabls to the methods mentioned above, Annealing the bar before
machining may be desirable. JThere may be same difficulty in the machin-
ing near the apex, especially on the inside, Because a cone is machined
it doss not meoessarily follow that it is acouratsly made; what is meant
is that accurate cones can be made by this method if the required cars
is exersised,

Se lloctrotom%g Blectroformed cones are deposited on an accurately
mate mandre 80 have an accorate inner surface, If machined on the

outside, means must be provided for acaurately chucking, and chacking, the
mandre]l wvhen it is pnt back in the lathe to insure that the cuteids runs
true with the inside, Carnegie Institute of Technolugy has reported favor-
eble results vith cones alectrofcrmed and peened,without machining (6).

€. Deairable Prcpsrties of a Limer

agide from the fact that a given method of manufacture may be suitable
for use with one material and not suitabls for another, the method of
mamfacture uffects the quality of the cone in twc ways:

The accuracy of ths cone
Its metallurgical properties
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le Geometxical Acouracy The formation of a shaped charge jet
{rom the collapsing oone is & critical proocess., Ideally, the walls of
thy oone cullapses and meet exmatlr on ¢he axis o2 the conse 18, for
any reason, one side of the cone collapses abt a faster rate than the
opposite side, thsy will not meet on the axia, This results, generally,
in a orookad jet and the point of contact of the jet wanders on the
surface of the tarpget, giving impaired penetratiun. Thus, it is very '
imoordant that seoctions of the cone perpsndicular to its axis bs true :
aroles with centers on the &axia and that the walls be of uniform thiock=- ;
nosa around & irowmierance. Undiform (ensdliy of the metal 1s also I
required. lonotone wari:tions in wall thioknmess alon, a slant height
do not seem to be 80 Lupoxiant. Wavinens along a slant height appears :
to be an undesirable characteristic. Thie 3a dlscussed in greater detail |
in Seoticn D2. Axial symmetry in the eaplosive charge and the assemdly .‘
will be discvwseed in Chapters 1V and V, !

2. %ﬁp g The matallurgical properties of the
liner deps on od of mamufaciure as well as on the )
berial and heat trozstwmnt. The metellurgical problem is difficuld §
analyso e apocount -of the extremsly high pressures a.d rates of i
and the espessivs s=mut of plastic struin. Fer thess rescms ‘
b be sedd that Whe mopertics of the Jeb are tho sams as the
des of the cone. Also 14 must be remembered thrt the properties
ars these ander the high pressures and rates of struin
il abow, That thess may be very & fferent frea the properties
uader ordlnar, oondltions is exphasised by the fact tha} glass oones
gg M ohid in conorete targets griatsr than might be expected
cm the "mstallurgiocal® properties of glaus, HNewerthelecs, it has been

ggtl

T
1

found possrdbis to make soms wry interesting and b oorrelations ;
bubwin properties of tha liner, princdpalle structure and melt- P

ing point, and bshaviar of the Jet. One of the most interesting features
o 5 W2t I oopdn ooeponnaflin medol An certain oases, duo, &

%0 an umumal orystal struoture which gave noor ponetration in static
fMrings (7).

Theory indlocates that for tho fast moving portion of the jet the '
penetration obtained is proportional to the length of jei and to the ‘
sQuare root of the Je: density. (8) The assumption that the jeb density
e tlw same as that of the ccnia is about as good a guees as any, if the
Jot is a continuous ome. On acoount of the welocity gradient the jet
lengthana as it travels. The strsiching of the Jjet causes it eveatually
to bireak up into a series of partiocler, Thus, if the jet d&id not treak
D into particien, its length would inorosss linesrly with tims and so 1ts
penetration would fncresss lineuxly with time and consequently, with stand-
off, Penstration standoff data show {9) that psnetration increases with

standoff up to & maximm walue of psanetration, the corresponding standoff .. . .weevnimmin

boing orlled the Yoptimm® standoff, Figure 1. Beyond the optisum stamdoff
the average panetration decreasss with standeff, while the best walu«e

6f penstration approzch an asyaptotic value. The decrease in penets.¢ . on
from the linear value to the asymptotic value may te asoribed to breakup

b
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ef tho jet, while the decresase fram the asymptotiq value %o the average

the jet should be capabls of attaining a great length before br:sking up,
The ability to do this will be affected by the metallurgical properties
of the jet. If experimental penstrations are adjusted for the sffect of
density of the jet (cons), the following compariscn is obtained:

Copper 100%
Alwnimm 1108

Steel 75%
2inc 5%
Lead 50%
Glass Lo%

The above figures were obtained as follows. The best penetrations for
the different cone materials were divided by the square root of the jJst
(cons) density to get penetration for unit density. These penstrations
for unit density were then divided by the penstration for unit density
for copper and multiplied by 100%. The figures were rounded off to 5%.
The best pemetrations,regardless of standoff and cone thickness,wsre
used, The NDRC and Luront data were used since t sz covered the desired
range of materials and the relative accuracy eof the cones was approximately
the same, Perwtrations for the given metals were taken from curves given
later in this Chapter. Penetrations for glass cones are given in the
DuPont reports for Fetruary, May, October and November, 1943, and those
dated 3 February ivL3 and 1B September 1943, These figures are necessar-
i1y rough.. For moat materials except copper and steel the mmber of tests
was small and optimua conditiona of cone thiciness, etc., were probably
not obtained. tests were conducted cduring the war and the accuracy
of some of the conos was probably poor., Howewsr, one may ccnclude that
eopper and ahumirmm have metallurgical properties superior for shaped
charge cones, while lead end glass have inferior propertiss, A desirabls
materiali wonid have properties similar to copper and aluminum and a high
density,

D. Experimental Results of Inaccuracies in the Liner

Two series of tests designed to determine tho effect of inaccuraciss
in shaped charge liners will be mentioned.

1. Tests by Ballistic Ressarch Laboratories. (10) Two kinds of
cones vere used in these tssts. Those designated Wi® MOAI™ were M9AL
atea conam (LS°, 0,037" thickness) cut down to 1" base diameter and
loadad ik Composition C=3 in 1/16% cardboard tubes 1 1/4" x L%, The
average variation in wall thicknass of these cones was 0,007" aroumd &
erence. and 0,0018" alone a slant height. The average penetration

EPE0EG IO the RHAED S s wa 3.5 romn  dlame ters,
Cones designated »“',emmdi wars of copper, sleciroformed and
machined 4o p high-dagres: of. ascuracy (about + 0,0002")., Base diamster
was C.750", thiclkness 0,050% and apax smgle LB,
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Due to the poor accuracy of the particular drawn cores, the
aberrations described below were nécsasarily large to prevent their
effect being masked by statistical flustuations., For this reason the
tests werv not of much value in establishing tolerances, Their principal
interest is thought to lie in the effects on the jet as shown by the
radiographs,

a, W For this sexries 1" M9Al cones were warpsad by flattening
opposite. o. When the width of the coue between flat sides was reduced
to 15/16% the penetration dropped to 2 9/16". For a width of 7/8" the
penetration was 1 1/8%,

be Variations in Wall Thickness For this series 1" M9AL cones
were variouws on erent parts of the surface, For
Figures 2 and 3 the thicknezs was reduced to 0.020% over the shaded
portion. For Figure 2 the penstration was nsgligible in sach case,
For Figure 3-1. the p;notntion was 1,0 cone diameter; for Figure 3-3,
2.4 cone dismeters. -for Figures l; and 5 the amount by which the wall
th:l.::?iu was reduced is shown on the photographs. Ponetrations were
as owst

Amount Oround Out Penetration
0,001" 3.5 Cone Dismeters
«002 3425
+003 3.38
<005 1,94
009 1.75
0012 0.87

c. Shallow Grooves The jet shown in Figure 6 was obtained from an
els otroformed cons having 5 wide shallow rounded circumferential grooves
0,005" deep machined in the outer surface. It is thought that the thin
thread like portions ol the jet came fram the grooved portion of the cons
and the "hbeads"™ in the jst carrespond to the lands betwsen the grooves.
Apparantly the thin portion of the jet is stretching greatly, whils the
Rowds are not stretching at all. Penetration of this jet was not obtained.
These tests seem to bear out the common assumption that variations in wall
thicinsss around a circumference, which distyWe axisl symeiry are more
important in causing decreased penstration tHin variations along a slant
height, but the latter can becoms very important, especiilly at loag
standcfi. Since every effort is now being made tc improve panatration
&% 10z 2tendafe, 4Ra mamiremc-d for ecev—-o- 217ng a slant height
should not be relaxed.

O MQ‘OWCIMCW!‘?M which the jet shown in Figure 7 was =~~~

obisined was e roformed. A groove 1/32% wide and 0.025% dsap was out
half wey arcund 2 ciromferencs 0.270% (approximately 1/4 of the height)
fram the base, The deflaction of the jet away from the thinned side i=

51
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DEFORMEU JETS FROM CONES WITH HALF
CIRCUMFERTNTIAL  GROOVES

FIGURE §

FIGURE 6 FIGURE 7
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eazily meen. (onsidering ths ldngth of the affaectsd portion cf the jei
in reliation to the width of the greove, it would seem that the effect
of the groove 1s miuch graater than ite width would indicate.

Figure 8 shows results fram two 1M MOAL cones. On each cime, a
groove 1/32" wide and 0,018" deep was out half way arowd a oirounfer-
snce. ZTor Figure 8-1 the groove was 2/3 of the hoight froa the base;
for Figure 8-2, 1/3 of ti@ height from the banz. Ths groove can be

0 v Nl - -
Ss4n on Whe LSV SUds ol ths cones in the statis shots ot s top of

the figure, The effmot of the grocve o the jot is easily sem in
Fipire 0-2 and is severs, The offect on the jet in Figure 8-l iz haurd
to sen, sinoe it 19 at the very tip of the jet. From these radiogphe
(Figures 5 and ) one surminua that the apex end of the cons producss
very little jet. In Figurec 0.2, ths Jet fxrum 2/3 of the cone at the

od 18 not as long as that from 1/3 of the cone at the base end.

is romlt 18 in agreswent with the geseralised Theory of Jet Formation

(11). Ae a vesult of this, imperfections mear the bass of the ocne
efluat n greater length of jet than those nisar the spex and so are more
important in descreasing penetration. This fact is emphriided by the
remlts of the Budd Company work desoribed in the nmeut maotionm,

L S g, (), e
aoprection ¥l ove ) HEAT round T108, the Budd
Cohpany used standard liners machined to give controlled insccurecies.
Tha stz 3 was of oopper, about 2 3/LY insids bLase diamster,
0.,062" thivk, o The wariatich in wall thicinese was of the urder
of (.001%, both circumferantislly and 1 tudinally, For ons series,
a gircialersntial variation of sbout 0,G05" was machinud on the outer
sarfese; for arother series, maximum variations of 0.010" (0.006%-0.016")
were muchined i tiw cutor surfacss The variaticn was sero near the
vase and a maximvm reor the junction of the cons and mpit back tube, o
that it was both clvewmferential and longitudinel, A third series was
machinad on the outsr surface to give four 0,010 waves simulating the .
surface remulting from drawing operativis. Other series with eveantri-
oities in the spit back tulie were also made, The targets consisted
of 9" of green amor, followad by iild steel, at 6% (2,2 cone dimeters)
standoff, Results were a8 follows:

No, Rnds, Avg, Pens, 8td. Noy. Cone

20 132" 0.92" Gontrol

0 131" L 0.010% lengitudinal
wvardation

10 10.8% 0.98% 0.005® Circvmferential
wvardation

9 10.1" 0,917 0.010" Wavy wall
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In conclusion, one Can day ihat, Jor maximum peretxration [fri
aimple occones the axisl aymmetiry of the liner ai:suid be as nearly periect
«8 can be obtained swpsclally near ths baze of thm oone. Deviations
from axial symmetiry not only reduos penetration, but, iu & lot with
rardom doviations, ¢ wan amall avsrege deviations may resnli in & large
disperaion, Variations in wall thickneas along & slant height are also
important, but thair effeot 1s not as serious as those around a circum-
ference, ‘The requiremsnt of axial symmeiry sxtcnds alse 0 the ~wplosive
sharge and tle assembly as well &3 (o the cone.

E. Iolarancas

As a yemult of general obamsrvation and of tests aimilar to those
desoribed in Section D2, tolerances on cons dimensiuns have been recom-
manded for some designs, Thia does not ipply that thore exists a toler-
ance within which the cone performs properly and beyond whioch it does
ust perform properly. Ang deviation of tha cone from sawial smrmaisy will,
in the long mn, result in a degi'adation in psrformance, either in average
penetration or variabillly, o both, Howewer, it must bz reasmbored thob
extress accuracy in cone aspufacturs is vory expensive. ", toleranos
allowsd must bo a ocompromise between the denire Tor top parformsnce trom
ths round snd what one is willing to pay for it.

For tha 90wma TI08 rourd mentioned in the previous Bectiom the follow-
ing %olorances were recommendsd in the Absrdeen Praving (round raworandua
Report: (12)

0,001" Maximum well variation in transveras plane

3,005% Maximum well variation in lougitudinal plans
0,003% Maximum waviness

These wore simple copper nones, 45° apex sngle, 2 3/4" dimmeter, 0.062"
wall thiclomea,

Racommended tolerances for wall thiockmwss of the blank for 57wm and
105ma omea (fluted vones, rotated) are given on page 2k3, Chapter VITI.
The S7mm liners are about 1 11/16% diaseter, 0,054 thickness; the 105mm,
3 1/4* diemete®} 0,100" thickness, Theme tolerances sesm a little more
1dhawald thayn thons quoted for the $Omwme Sincs tho iatter were determined
fram firings with Iraccuracles of 0.00L% = 0.065% in wall “hiokness, 1t
night ha peanibls o ring the 90mm tolerannss i lins with the 57mm aml
wz?m. Oeneral glservations of misceilanzous tests indioaie that, for
3/4" dimatsr i5° clectroformed coner; wariation in wall thicknase shoald
ba lesw thaa 0.001" for 0,025" thiock comes amd not more than 0,002% for
0:050% thiok cones,

Ona might emanrt tolarences on wall thicksoss to incresse with the
thiskness, Bxperience with smail cones (3/L% diamater} has indleatad that
& 4§ inmcourscy on 0.025% conez 13 more damaging than a 4% inaccuracy on
0.050% aneid, Hizavsr, Hhis may be due to the cass with which thin coamu

w3
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became out, of round due to handling. It was fouwnd that pzrticular cars
rmat be taken wiwi 0.015" cones te prevent this. The writer has sesn
no discussion about whethor larps diameter cones requirve gmaller percant
tolerances than small diameter concs, thaigh this quesvion meriis con=
sideration,

¥. The Effect of Design Parameters on Penetration

The effect of standoff, cone thiclmess and cone angle will be
prasantad in the form of graphs. Thess curves arv based on daia
published %y wariou# groups of lnvestigators working at different piaces
and different times, Under these conditions, differences in resulta are
to be oxpscted, It is to be remembered that cones available in *he warly
days of shaped charge investigation were of relatiwsly poor manufacturse,
As the importance of accuracy beceme known and methods of manuiactuce
improved, the quality of cones improved and this resulted in lncreoased
average penetrations and smaller dispersions, aspecially at the longer
standoffs,

This mubject is most readily divided into early work und recent wark.
Where cyclotol and pentolite ara quoted as the explosive, the usual ocam-
positions, &0/40 RDX/INT for oyclotol and 50/50 FPETN/TNT for pentolite,
were used. unlesz ntherwiss stated,

1. g:_gxrﬁ work with simple cones - Figure 9 shows penetration of
atas) cones into mild steel targots for J0° cone angle and various cone
thicknesses, This work was done in the warly part of the war and the
quality of the cones was probably not too pood. Cones were » generally,

1 5/8% diameter, cast in 1 5/8" unconfined pentolita rhargam of jH-GH

len and fired statically at gero obliquity., Bach peint was the averuge
of 5 shots ¢xcept where shown on th~ graph, Curves were drawn by eye,
with mome attempt made to kesp all curves of one family of the same gereral
form, For most of this work, the disparasion, especially at long atandoffs,
was large,

The general characteristic of penetration-~standoff curves for cones
of aarly mamfacture is a maximum penstration at a small optimum standeff,
the penetration decreasing sharply for larger standoffs. The optimum
standoff increases #ith the cone angle.

Similar ourves can be plotted far larger angle cones from the data
given in the NDRC Div, 8 interim reports and the DuPont reports.

From thase aata, the maximum penetration for any standoff is plotted
in Figure 10 for the different conn angles. Figure 1i shows the optimum
standoff and thickness as a function of the cone angle. Since steel is
not regarded favorably as a liner material, this data is of limited ugse=
fulnass, bui mawrcial shortages in an all out war may force the use of
stae)l sgain. The data do show that stmndeff, cone thickness, aind cone
angle are Aintex-related and that if any of these is changed it may be

H2
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necessary to changs the others for best resulits. As an sxanple, s com-
parison of conas of different angle may not be unbiased unlez s the thick-
noss is also changed.

Figures 12 and 13 show penatration as a function of stirsdoff for
Lus® copper cones, Here there 18 a distinct difference betwian the two
gets of data at the longer standoffs.. The reason for this {iiference
i® not imowh positively tut it ia probsbly due to a difference in quality
of the concs, since recent work with cones of high accuracy tend to

¢onfive the DuPomt data,

Figures 1Y and 15 give the results for aluminum cones. They show
the characteristiec property of aluminur, the fact that peneiration holds
up well at long atandoff. Due to its low density one might expact tha%
alumimm liners should be thick as compared to steel or copper, but
Figure 1l doss not show anv advantage for the thicker linsrte

Figures 16 and 17 show the periformance of zinc and leal oones,
neither of which are at prasent of sonsiderable importance, However,
as méntionec previocusly, the Naval Ordnance Test Station has recently
reported, informally, excellent results fron a castable wime o lay,

2, DBegent work vith aimple conea Figures 18-21 show penetration
as a function stando or copper, steal and nlgnimn net of &
cqstant, thiokness for cone anglns o® 22¥, LLO, 66° amd 88, The
tondency of aluminum to maintain its penstration with increiming standoffr
is evident, as is also the tendenoy for optimum atandoff to Anoresss with

oons angle, Theae curves do not necessarily show optimum remults as the
thicinesza may not be the best for sama angles,

Figures 22-2l shww results cbtained under conditions wmy differsnt
fram those for the previous data, These charges were fired Jda ahall bodies
or casss clonely simulating shell bodies. Thus, the axplosi~we charge was
shord, in comparison with its diameter, and fairly heavily confinsd. The
aceuracy of the cones was very gocd, Figure 22 shows a very good pene-
tration, fairly flat penetration-standoff curve, and a long <ptimum stand-
cff. Mgaro 23 siowa an optimum cons thiclmesa of 3%, which is somewhat
heavier than that for unconfined chargzns, This is in agreament with the
genoral observation that, if the charge diameter is increase«! or the
charge 18 confined, ithe thickness of the cone shwmld be ind~ased for
optimm penetration (13). Figure 2l gives tho results of varying the
cone angla under different aondiivions of constant sxplosive loading.

The results are, therafore, not of general application. A prenetration
atandoff curve cbiained from firings at the Bailistic Reseirch Laboratories
is given in Figure 25, These were druwu 105mm cones of gowl acsuracy
confined in shell cases and fired againat mild steel targeis, Pene~
trotions wers umasially good and held up wail at long stamdoff.

Figures 26-28 give the results of recent firings at the Ballistie
Rosearch Luboratories amd not yeut reported. These weres amul.l cones,

0.750% ineide diameter, of electroformed copper machined on the out~
side to about .0005% tolerance., They were fired in unconfimed pentolite
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charges whose diameter was Z20% greater than the cone diameter, and of a
sufficient length (2 cone heights abeve the apex) to insure hat pene=
tration was not restricted by short charge longth. The cone thickness
wag much greater than thet usual%y used, Figure 26 gives penetratior
as a mt.isn of st,ax&do.ff for 307 cones. Similar curves were obtained
for 207, U46”, and 60" coues. The resulte of most intersst are those for
the small angle cones, which gave excellent penetration and a lurge
cptimum standoff. This is at variance with previous results for sieel
conos of smalier wall thickness aind with charges the same dameter as
the oone, for which both optimum atandoff and ma:dmum penetration
duviwase with cone angle (Compars Figs. 10 and 1} with Figs, 27 and 28).
However, Figure 9 does show the penstration ineroasing with cone thick-
nesa even up Lo the maximm thickness fired, Fipgurs 27 shows that the
cone thickness is not oritical for L6° cones, tut this im not true for
other anglus espacially 20° cones., Figure 26 shows maxinum penatration
as a funoction of cme angle, Tt is thought that the differences in
optimm standoff gl.ven are not of any significance, since no defirdta
trend is shown a.d the pgnetration standeff curven are fairly flat. The
optimum thiclkness for L6~ sesms a misfit, It ia possible that & trend
in thickness mizht ba shown if intermsdiata thicknessus between (.033
and 0,066 had baen used.

3. Bimetallic conea and nun-conical shapaa Tho torm "bivetallls
aones* wiTT be ajplled to cones conslsting of an inner layor of one
metal wiith an ber layer of another metal. It doas not iholude cones
the apex end of which is of one metal, the base end being of another
metal. In most cases the auiposite cone consists of two separated
cones nested in intinate coritact. However, in the case of coppor olad
8teel, the two metals are bonded together, The following penstrations
into mlld stesl turgets by 45° cunes 1.03" diameter are reported. For
comparison, results from single metal conns as reported elaswhere in
this Chapter, are glven in eich case,

{one Thicknozs

Quteide Canter Inside Total Standoff Penetration Reference
Ste 0017% === AL 0,00 .035 C.D. 7.4 C.D. 2.6 C.D, NDR: Div 8 12/15/L3
Aluminum -036 7 . Ll 2. 6
St.  J026® AL 0,036" .ohL 5.5 3.5 W Font 9/18/43
Alumi num 036 g5 2.9
#St, ,018" Cu ,012* ,018 0.9 4.0 Du Pont 2/5/45 and
w/17ks
*C‘J- 0005“ Stn -038‘0“ .018‘ n025 1.0 l!:O
Copper 024 1.0 b3
##Cu. 010" Sy, ,029"Cu ,025% 031 le2 4.3 Du Pont 10/1/L5
Cnpper' |031 led 1541.[)
S¢. 036 Cu 036" .Ohl 245 ha7 v Pont $/18/43
anper .OBU 15}4 5.0 )
St. L018% Cd 006" D15 .9 3.0 M Pont 8, 9/L3
Stael 015 1.3 3.8

[n 9

M ey f‘
~ Lvappar Cla
sucopper Clad, LWi®, 2.07" dia.
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Non-coni.cal shapes include hemispheres and spherical ~2p3, trumpets,
and combinations.

Radlographs indicate that hemispheres cdo not nollapse, with the
formation of a jet, as do cones; they turn inside out before collapsing,
the whole liner being projected as a stream of particles. Spherical
caps (segments) are fragmented and projected as a cluster of particles
which may be more or less focused, depending on the curvature. The
foliowing data have been reported for hemispherass

Confine-
_Hg_g.e. tal Dia. Thickness  Standoff Penet - ment Reference
Brass  2,375" 0.021 Dia. 2.5D :.0D a» 0D 4t. NDRC Div 8,6/15/LL
Steel 137" 2033 D LD 29D ##ARD/Expl 172/L3
. .052 D 9D 19D
1.63" .020 D 3. 7D 3.10 2" OD St. OSRD 55%8

1,86  ,027D L3 D 26D a%" oD Bt.

£2,38" .021 D 3D 2.9D 3" OD S%. NDRC Div 8,7/15/u4
2,38 026 D 38D 3.0D 3" 0D St.
Cu lné}" 0015 D 3.7D 2.0 D o) CIT=0RD=16
1.88" 4,022 D LD 3.3D aqn 0D 8+, OSID 5508
1.88" 027D 3.2D 3.20 2" 0D Bt. NDRC Div 8,6/15/LL
AL 1.36" 056 D 9 D 16D ARD/Expl. 172/L3
4058 D 18 D 15D
cd 1.38° 033 D 9 D 17D ARD/Eapl 172743
«0L9 D 18 D 0.8D

# With Spitback tube
#» British Raport

Some work nas beai done with spherical segmenty sspacially by the
British, The rosulis were, generally, poorer than thoss f{rom hemdsphstas,

The following rezulis have been obtained for twimnaeta:

terlal DMa_  Thickmess Standoff Ponct. Shape Rofercnce
Fe 1.63"  .021D 1.2 D 2,6 D Flgre from  NDRC Iiv 8, 8/15/L3
207 o 120
2.5 D 344 D
1,90" .032 D 1.1 D 3.,7DHt 1.3;* Rad. OSRD 5598
2.05"
a 1.63% 031D 2,5 D 2.9 Rad, 1,50" 3/8"' Dia, CLT=0RD=R3
3.7 D 31D 2.50% flat
5.2 D 5.2 D 2450" apax
1,637 2031 D 1l.2D LoD + OSRD 5708
a.on L28 D 2,1 D he9 D* Rad., L.AR5" = ﬁ" Dia. BRL
' 6.4 D Rounded apax unpub.1shed
L;gg&tﬁ?:ﬁziuum} Elsctroformed liners of doubtful quality.
- - ’ The penetratdeon of simllar L5 cones was 5.1 Dia,
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Interest in double angle coanes has been revived recently, due
largely to certain advantages show for the French 73mm round, BEarly
fMrings ot double angle rones, in whioch the change from one angle to
the other wss mude abruptly, did not show any increase in penetration
for the doubls angle (1), In the French 73mm round, the change from
one arigle to the other was made smoothly and the liner wall was ta .
This round gave peak performance at nortwlly availiable standoffs. (15)

An almost infinite wvarlety of combinsldons 15 poasibies Complete

coverage would be too lengthy for this Chapter, especially since,
generally opeaking, the penetrations achisved from them are inferior to
those froum cones. Tha following references are suggesteds

Comhinations of conas, hemispheres, and cylindarss

DuPont, 18 Septomber 1943

CI T=0RD=16

OTIB 11h6u (Translation of German Heport)
OSRD 5598

BRL 848

Helmet und bottle shapez {(Carman Work)
OTIB 1148

OTIB 1149

HREC 2587

HEC 4919

Q. The Bffact of | nar Cotalls o P

1 %g_w_a% The British suggestad (16) that, sinoe the thiock~
ness of liners shc

uld noale an the diameter, a cone would logiocally

be thiocler at the base than at the apexs This idea has been followed

up by saveral groups of investigators, Only a few results will be
mentioned.
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45° Steel Conas

Thiclaisss at Base Thickness at Apex 5. 0, Penetration
G. D. C« Do C. Do C. D.
0.&6 0.025 1.2 2 |6 11"15"'“3
025 L06 1.2 2.9
0017 0029 loh .3.0 5"15"[314
027 ~0l3 1L 2.5
0018 wl form loh 3 ob Lron
«022 und fora loh 2.5 Fiﬁo 11
45° Copper Cones
Reported by Firestons
037" 027% 2.2 5.6 FTRC 21 |
029 und. forn 242 5.2

#hickness measured at referance points U.J4 C. D. and 0.84 C. D, from base.

ligportad by Carnegle Inatitute of Technolugy

45> Coppey Cones
Thickness st Base Thickneas at Apex 3, 0. DPenstration
«030 «020 3.0 D70
«G30 und, form 3.0 537 CIT=-0RD-LA
057 029 27 5e53 n
.037 uniform 307 5.8;
0023 w .form 3«\7 ha?S
Double Taper 3.0 3407
0031 uni form 3.0 3.1'3
¥#Machined from drawn liners.
8

CONTTDENTIAL

i e bt e el Y e R
i T




CONFIDENTIAL

In general, it doe3 not seam likely that any wery appruciable
improvemen®, in performancs can be obtawined by tho uaae of tapered wall
cones, within the range of the above data. Howsver, 1t 13 poasible that
+f tho right combinailon of thickness and tuper can be found, improved
results may be obtained.

2, MWires and ciher obstructions within the cavity - vory large number
of t6sts have bGaen conduoted to find the effeot of wires, wils, sliulated
firing pine, ebo. placed within the cavity of the cone or on the axs in
front of the cone, #ractlcally all of thuse items wersa in CONNeALLoN
with fuxing. All suoh obstructions almost invariably cause very seriom
imyairment of the penetration, often as .i ch as 50%. Details will not
ba given hers, but those interested may refer to NDRC Div, 8§ Interim
repovts 15 February 194k, and 15 February 1945, DuPont reports for
April and May 1943, Firestone itoports No. 16 and 19, and Oglm 5599

3. Flanges The alfect of the Lase flange of the cais on the jet
formation is scmswhat ourious., The DyPont workers reparted (17) the
folluwing data for M9A)L stesl cones L45“, 1.63% brse diumeter, flange
2,0% diameter, unconfined:

Dia. of Baplosive Penatration in M8 at 1* 8,0. No, Rds.
1.6 Sel5" 4
1.1% 5970 s
1,48 . 5
2,00 4,00 5

As tha diamstar of the explosive 1s increasmed beyond the cone diameter
thers is a rlight inoreazs in penatration followsd Ly a decrease. Nmé
Div. 8 (13) followed this up, with the following results: M9Al steel
cones unconfined at 2% 8,0.pwnetration in mild steel targets, -

__Dis, of Bxplogive With Flange Without Flange
1,63% 5.39"
1.7% 6,006 5 oh9®
1.88 5.39 5635
2,00 15,30 5-313

For 1 3/4* diameter charges in 1 3/l x 2% stoel tubing:
with flenges 4.12%
Withot ™ 5e33F

For 1 3/L® diameter charges in 1 3/h4" x 2 1/L" steel tubing:

With flanges L.33"
Witheut ®  £,07%
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Yirestone reported 2 series of testa as follows: (19)

Explusive backud {lange 10.4L5" Penetration
No explosive on flange 18,10 Penatration
Explosive backed flonpe 8.50 Penetration
No explosive on flangs 16.721 Penetration

Thesa were for heavily confined charges.

xhcently, Camegie Institute of Technology has reported the
~ollowings (20)

M9Al1 steel conss, penetration inio mild sieel targets, 4" standoff.

Not confined Confined, 1/4" steel

Dis. Sxplosive With Flange #ithout Flange  With Flange Without Ilange

1 5/8 ' 549 Selt 6.6 645
2 6oh 607 5'5 6.’4
a 5.1 lsoly 3.6 3.6

Tue CIT data are in partlial disagreement with thasae f{rom DuPont
and NDRC, The figures for the unconfined chargesu, with flanges,
suggest that the disagreement may be duv to the change in standoff.

The GIT explanation of the flange affect i» briefly as follows:

The velocities and the wmlocity gradients along a jet are quite
sensitive to the times of arrival of the release wavs at the liner,
Since tro releass wave is initiated at the charge boundary, any change
in the geometry will consaquently caute a chanme in tie welocitv and in
the velucity gradient. With the larger Jlameter charge, which has an
explosivs belt, the major portion of the releas¢ wave is initiated on
the latsral surface; but a small portion is indiijated along the base
of tha sxplosive shoulder during the later stages of tha wone collapesw
pocess, This small portion of the ralease wave produces a greater
gradient in the velooities of the rear slements «{ tho jet, which
contain a largw fractlon of the jet imass. %o be of henaefit, the
magnitude of this gradient shculd be neither too great nor too small,
Ifit is too large, this portlon »f the jet will break up qQuite rapidly
and becoms inaffactive. If it ia too small, proper lengthening will not
ha achieved for efficient penetration. This, in essence, explains ths
chserved optimum charge diameter for a liner of given base dimension,

Consldar the 2% diameter chargas, completaiy unconfined. As
explained above, most of the release wave has been inltiated along the
side of the clurga. The part of the wave origlnating from the base
affects only a small portion of the cone, thus, the short delay caused
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by the confining action of the thin flange is a ancond order effact and
can be neglected, a3 the penetration depthr irdizate. Whan /LY steel
tubing is used as lateral confinement, the shonk conditicns :re altered,
in that the release wawe from the lateral surface 13 delayed censiderably.
Under these conditions, the position of tho reioasc wave propagating from
the base of the charge affects a greater portion of the liner and plays
a more important role, The slight delaying antion caused by the base
flange is enough to increase ‘the magnitude of the velocity gradient at
the rear of the jot to the peint where break-up begins to occur. The
affectiw Jongth of the Jdet wlll thon Ls sommwnat greater fus the charge
without the flange than for tho charge with the flange, The ohrerved
penetrations show that this is the case, With the charges having the
heavy base confinement but no lateral confinement, the affect will be to
nearly eliminate the initiation of a release wave from the charge base,
The consequence wil) be very little gradient in the velocitiea of the
rear slements of the jet, which will lead to a shorter jet and lo as
permtration. When both lateral and heavy base confinement are intro-
duced we alter the ahook conditions so that there is the combined effect
of ar increase in the impulwe available tn the liner and the absence of
any releass wave initiated from the base of the charge. This results
in a still shorter jot. The penetration data substantiate this, BRL
£05 ghves a radiographic study of the efiect of the {langes, ws a follow
up to the NDIC penetration ziudy. 'han the damatar of tho explosive is
the same anm that of the base nf tha cone. (See Fig. 29) The =adiographs
show that, near the end of the collapse proceaa. the cone proper pulls
lonse from the flangs at & polnt near the baze. The flange ring appears
to remain stationary while jot and slug move forward through the ring.
When the flange 18 backod by explosive to half (See Fp. 30) or all of
its width, the portlon of tho flange 2o tuicked 18 projected forvard as

a cylindor of {ragmcnts, converyging tovard the axis at its front end.
Lhere hav been some tendency in the past to lnterpret thesu radlopraphs
an indicating that the eloud of fragments interruptsd the jet, rThat a
turget so nebulous as the cloud of fragments acald interrupt the jot
seams somawhat Incradibile. The only tlhing the radiographs show is that
whan tha {Jang: 13 hacked by exploaive, the jet either is interrupted

or is very short, and when the flange is not %acked by explosive, the

Jet 18 rormal. ilo evidance aubsetantiatling any explanation im [iven by
tha wadlographs,

h. Effect of apit-back tubes lor asome “ypas cl fuwlng, a amall tube
called a splt-back tube, iz attachud te the apesx end of the cone,
axtending away from the cavity. The portion of the apex inside the
apit=back tube Lo removed. For MOPAL stcal cones in unconifined charges,
the presence of the splt-back tube caused littlo change in venstration
or a slight deecrease. (?1) ‘tor connmer llners in confined charges,

N

there was no change or an incroase up to 205 {225,

5. Effect of annealing Hesulta of tesiz to dotermine the cffects of
- '8 2} - \ 3

annesing and of hardening stoel conee (23) show “hat the penctration

from drawn MYAL cones 1a not changed by annealing but that it bocomes
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progrossively less as wne hardnesa 19 increased, drawn -opper conca (24)
show no chanpe with annealing. llesulos at tho Ballistic stesearch Lavora=-
t~rles show that cast beryllium cappar cones, whose normal penctration
was low, were improved Ly annocaling; eloctrofermed copper cones were not
affected by smne-a%ing, excapt that, whon the annealing temporature wae
increased to U007F, the c)nes blistersd on the ipnor suriace, with a
decreasc in penetration; and thati cones made by a shoar forming procesas,
which worked the metal 82 seoverely that ito structure was impaired, were
improved by annoaling, A complete and int-.nating discussion of the
effacts of annealing on nopper cones are contiiaed in a BuL report (29).

These r¢sull 8 may be summarized as follows:

Annoealing, if not carried to high temporatures, is nelther rarmful
nor beneficiai unless the metullurgical condition of the linur is very
poor.

If the metallurgical condition of the linor is very poor, annualing
ie Yeneficial,

Hardening of stael liners is de¢trimental.

He Jet Velocdties

1, Izg.ﬁ al veloolty The valoclty of the hoad of the jet is ususlly
obtaine om streak camera records, what tlie camora actually photographs
in the luminous shock in alr associatod with vhe hoad of tha jet, Often
the head of the jot is ill-dofined in that 4t is surrounded by a shroud,

the oxact nature and cause of which is not completely understood,
Initial velocities are apt to havu a large dispersion.

Figura 11 shows the variation of jet velocity with cone thigkne.-.s
for L\Sooand for B0° steel cones., Some data are available for 60°, 100°
and 120”7 ccnes, the rasults helng similar to those shown. Figura )2
shows the variation with cono angle for 0.,020" thlekness and for 0.037%
thiclriess. All rounds woere 1.63" diamoter, cast in pegtoflite charges,
unconfined. In drawing the curves, the points for 100~ were ignored.

It mhould &lao be mentioned that, for some of the data, it was nacessary
to infer tho thicknessa from the weighty giwen and this may hawe intro=
duced small errors in some of the pointa.

Figures 33 and 34 ars from unpublished data rscently rel:ased by
Carnegle Institute of Tochnoloy for cones of zteel, copper and alwminum,

These data, u®pecially for copper and aluminum, are a valuable addition
t0 our knowledga of jet characteristics.
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Velogity as a Function of Cone Angle
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’ The following mlacellansous data are avallablas

Cons Jet, Val, No.
Material Dis. Angla Thick. Haplosive MM/puSocs Hounds leferance

Al 1.63 U4S°  0.0he" Peant 8439 8 NDRC, Jul. 15-Aug.
. 15 1943

] 1063 hg 00029“ Pant 7.39 3 Sas

Py 1.5 452  0.037" Gyclotol 8.50 5 Aug 15 -f;g 15

Po 1.5  8° 0,037 Cyolotol 5.82 L Same

Po 1.5 120° 0.03 Cyclotol L.8% 4 Jamy

e —

Thers is slso an ipteregting aat of data on 3/8" diameter cones of
copper and alumimm, L5, 60° and 80” angles, in NDRC Div. 8, 15 Fubruary -
15 Junp 194k, These were tested for use in spit-backt fuues.

2, ¥ The walooity gradient of a jet in the rate
of change wlo respnot to langth., Since the length is chanp-
) ing with time, the gradient sust be given for soms spooified time, or

distance, Idealiy, the determination of the gradient would be made by
measmiring the valooliy and position of a series ol points in the jet at
the dosired time. For partidls jets, approximate rcoults can be ocbtained
from muccessive flash radiographs. For solid jets results can not be
obtained by the usual method of instrumentation available at tho prasent
time, By fi Jete through targets of differcnt thicknesses or
through spaced targots, the lenmgth and the velooity of the tip and tvail
of sucoesriv olomunts of the Jet wan be obtained, Thus, vhe mean
Fadlent of thess elanents can bo determinsd, but each gradient ia for

a dilferent time (the time at which the tip of the elemont coantacted the
target). To adjust the grudients of all elements to the same timu, i
18 necessary to make scme asswmption about the variation of the velocity
with time. It in usually assured that the velocity of any point in the
Jot 18 ceunstunt in time end Lhile has Leen done Ll computling the gradlents
givon helow. The validity of this azsumption will be discusued later

Am &t e mundd an
-ae W W WY Wi WIS

;A. an expmple, Figur: 35 shous the results of firing tho jet from
a 6" copper aone 0.TSOR dlamster and 0.025% thiclk through 5 spaced
tarpeats, The figure is « plat of jet wslocity w» position or distance
from tha basa of the cone for the & alemunts of jet wipad off by the
5 targeta. The mean gradient for any elnment is the alope of the
atraisht line shown and ip determined for the timn shown on the plot,
time being measured from the inmtant the tip of the inltlal slemont passed
the base of the cone. As mentioned above, the calenlations are based on
the assumption that the welocity of any peint in the jet im constant.
if the curves arse sxtrapolated to the horizontal axis the points A, B,
O, which the CIT writers hawe callsad the origin of the Jet, are chialned.

6o
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For the 5 elements shown, tha soordinates of the oripins were -0.41,
~(0.50, +2,8% and *+5.4) cm., tio frst 3 values being essentially the
sang. 1% follows from simple considerations that the location of

the origin for any eloment is indapendent of the time at which Vta
length 1s measured, so that, 11 one point, say the tip of the leading
elemant, i determined for any time, the curve for the first 3 elements
can be drawn hy passing it (extended) through the origin A; as chown
in Flgure 36; the parts of the curve for tho Lth and Sth elements are
nen ~dded, pagaing through B and C respectively,

Figure 36 shows the plots for 3 different times: 100 psec, which
vas chosen arbitrarily; L1.68 psec., tho time at which the last element
was measured; and 21.39 usec., the time at which the mid element was
measvrad. It is seen that, as the time increasesz, the line tands to
becomne straight, so that the zradient tends to bocome linear with ine-
creasing time. If the pradiont at any *ime t is V‘ 13 then tha gradient

;‘
= 1} v + & and 5y
+ ) /4 e » 4

at any later time t +4& is glven by \)’8 N
A becomas large compared with %-- » tho latter torm can be neglected

and the ;radient beoomes essentially % .

The langth of tha jet, Figurc .}gvi.a W, For a strictly linear
gradient the langth would have to be HMI', The distance MR zor T0) may be
taken as a measure of the nun-lnearity of the gradiont, Percontae-
Wiee, ducsed 193 with the time but its absolute valum Ls indepsndent
of time, BStrioctly speaking, the condition that a gradient ‘become lirear
at 2ome later time is that 1t be linoar to start with, and the condition
that the numerical value of tho gradient be 1/t ia that the origin of the
Jot lie at the ovigln of coorcdinates.

Moat of the work on welocity gradients was done by Carnegie Inati-
tube of Technolngy, (28) Mpure 37 (26) is a plot showinpy the results
of a large number of .iringm of M9AL steel cones reportcd in NDRC Div, 8
sunmary reporta. However, the timo of 100 wnoc, was chosen merely for
convenienca in calculation and it must rot bo assumed that the Jets
remain coitinuous for this length of times It 13 seen that the gradient
is the same for nyclotol or Comp B and pentolite, and i¢ independent of
the target materlal used, The followlng values of Lhe velocity gradient
computed for a time of 100 pscc. after the tip oi the Jot reoached tha base
of tha cone, have been ohtainaed,
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Maverial IMa, Amglo Thick Oradient lteierenve
Steal 1 §/8* 1207 0.022"  0,0111 mec. NDHRC Div, 8, 1 Juns 1943
Steel 15/8 L5 028 L0102 CIT=ORD=3
Steel  15/8 LS 037 0097 CIT-ORDa§

Copper 1578 L5 .037 +0112 OLT-0RD~6
Magnesium 3/4 L6 +050 0107 BRL Data

Steel 3/ L6 .050 +0106 Same

Copper u LS \N50 0104 Same

Ceppar 3k 20 .028 <0100 Same

Copper /iy go 0025 0099 Same

Copper 3/h 6 020 0103 Same

Copper 3/ 60 +025 .0103 Saine

Copnare M u6 018 L0102 Saze

Coppur /W L6 075 +0104 Sane

3/ L6 «100 0104 Sare

When plotted the data summarised ahove gave essentially atruight
liner except that when wolocities below about 0.3 om /4 seo were
obtained the curve usually dipped toward the horisontal axis zs shown
in Bgure 36. It should alsg be notad that the total longth of jet
cannut be obtained from Lhe plot since the tail elementis may be too
low 4in veloaity to penetirate the target or to regisver on thy fila,

That tho gradlent should be liwar, L[ the observetlons on each
slement of ths §at are made after the siemant has travelsd for a
sufficlent time, follows from elsmentary ounsiderations, 4 uniform
gradient impllos a uniform tensile strain with uniform strevaes in
the fat, and a non-uniform strain would set up non=-unlflorn stresses
whlaoh mould allter the welocities in such a way as to make ths atrain
and gradient uniform,

For the data given abova, the origin wnm nlose to the Lase of the
oone in each omse and the gradient was practically the same for the
range of aone materials, angles and thicknesses dovored by the data.

If the velocity of the tall of the jet can be lucreased; the tip

velouity and length remuining the same, ths gradiont will be decreased
and the origin mavad t9 some point behind the base of the cone, That
this can oe done by »n appropriate esploslve geometry 13 shown by resvita
with the Carneglo Institute of Technology "explosive compensated® charge
(27), which gave a gradient reduced by a factor of 2, Since the ¥p
walocity wasz unchanged, the origin of the jet must have been far behind
the apex of the oonv, However, 1f increasing the velocity of the tail
cf the Jobt reaulis in a shortensed jet, the gradlent may ol be changed
grﬂ&t]y-

The origln concept implies that, if the valocitias of tho elamants
of the Jev aro constant, then all of that part of the jet which wes
formed behind the origin wag masazed at tho origin at some time. Since
this s not true it may be caoncladed that, in the early stapges after
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their formation, the welogities of the wvarious elsments of the jot are
not conatant. Thus, the riethod of determining vslocity gradients outlined
above, is not valid for very early times, Some theoretical calculations
made at.the Ballistic Resvarch Laboratories suggest that, when first
formed, tha front elamerts of the ject have a negative welocity gradient,
After » short time, the leading alemsnts are overrun by those following,
forming a bead or mushreom head, sometimes seen in radiographs., Thare
i;aac;»t.har indireant evidenns sunporting this view and some direot avidence
\ag8).

It may be conjecturad that, for a jet peneirating at optimum stand-
off or less, the penetration could be improved by giving the forward
alemsits a larger gradient, thus permitting them to attain a greater
length before being wiped off, Whether this result can be achiewed and
maintainad for the required time is ain open question,
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FeRU 38, Fireatona Tire & iubber Co., Sept. 1953,

Minutes of the Second Msoting of the Shaped Chargo Research

and Dovelopment Steering & Coordlnating Committee, 22-23 April 1984
Ballistio Hesearch Laboratorien, fbesdean Proving Uround, Md.

FIRC L3, Firestone Tire & litubber Co., Akron, Chin, Feb, 1954

¥FTRC 37, Firestone Tire & Rubbur Co., Akron, Ohio, Aug. 1953
FIRC 41, Firestons Tire & itubber Co,, ‘kron, Ohio, Bec, 1)53
FIRC 37, Fires*one Tire " uubber Co., Akron, Ohio, Aug. 1953
CIT-OiD=42, Curnegie institute of Technology, Dec. 1952

This subject 15 too langlly to dlsouss here. Sco "The Presani
Status of the Artillary Program at FTIC* and “lligh Strain Rate
Plastioity of linex Muteriale and Jot Eshavior® in "Transacticns
of The Second dDymposium o Shaped Charges,® Hallistic Research
Laborateries, Abardeen Proving Uround, Maryland, Dec, 7~9, 143,
Sea also FTiE L1, Dec. 1953

Chapter II Sev B Squation (L) of thia publication. Many other
fefaorences might be cited, especiully from The Carneyis Institute
of Technology litorature,

OSHD 3752, May 9L
O3RD 538k, Meb. 1946

BiL Haport No. 811, Ballistic Research laboratorien, Aherdeen
Proving Oround, Md., March 1952,

CIT-ORD=2i, Varnegie Institute of Technology, June 19k¢', Journal
of Applied Phynics, Vol. 23, p. 532 May 1952,

Engineering Progross Raports, The Dudd Company, Troject o, TMI-1L51u

and Ordnance Contract DA-36=03Li=0itD~562 for the pariod 5 Dec. 1950,
15 Jan, 1$51 and 15 .June 1951 =~ 15 July 1951,

DuPont iteports, August and Ssptembcr 1943 WDRC, Aug. Sept. How, Dec,
1943 and Feb, 19kk.

BRY Repord Moo 040, Daliisiic nesearch labcratories, Aherducn
Proving Ground, Md. Feb. 1953.

Minutes of the Second Meeting of the Lhaped Charpe iteagserch &

Devalopment Stearing & Joordinating Committeo, iallistic deasarch
Laboratories, Aberdeen Proving Ground, Maryland.

161

CONMYIDENTIAL

i TN SR s v e T pat e

I ied
L2 P "
ST AP




CONFIDENTIAL

16, ACS366, Apr. 1Lk
17. DuPout, May 1943
18, OSRD 5604, Jan. 1946

19, FTRC 16, Mirestons Tirs & Rubber Comp.ny, Jan. 1952
FTRC 20, Firestcne Tire & Rubber Company, Mer, 1952

20. CIT-ORD=}2, Carmnsgis Institute of Technology, Dsc. 1952
21, NDRC Div. 8, July 1943 & March 194k

22, FIRC 11 Firestone Tire & Bubbi:' Co., June 1951
FTRC 13 Firestone Tire & Rubber Co., Aug. 1951
FTRC 22 Firestons Tire & Rubber Co., May 1952

23. m’ Div. 8, Oct. 19“3
DuPot, May 1943

2h. FTRU ) Firestone Tire & Rubber Co., Sept 51
FIRC 15 Firestone Tire & Rubber Co., Oct 51
FIRC 27 Mrestone Tire & Rubber Co., Oct 52

25. CIT=ORD-2 Curneglie Institute of Technology, April 1946
CIT-ORD=3 Carnegie Institute of Technology, June 15ud
CIT=0RD=6 Carnegle Institute of Technology, Dec. 19L6
CIT-ORD-7 Carnogle Institute of Technolozy, Feb. 1947
CIT-ORD-9 Carnegle Institute of Technology, June 1947
CIT-ORD=10 Carnegie Institute of Technology, Aug 19i47

26. This figure is practically a duplicate of Figure B-13
in CIT-ORD-10, Aug. 1947

27. CIT=ORD=3l, Carnegie Institute of Technology, Aug. 1951
28, CIT-ORD=-3, p. 16, Carnegie Institute of Technology, June 1946

29. BHL Report No. 637, p. 43, Nov. 13-16, 1951, Bl.matic
Sessarch Laboraturies, Aberdeen Proving Ground, Maryland
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CHAPTER TV
THE UNI'VZED WeitHEAD
liuph Winn

D¢ L0530 iomearch Division
Mraitone Tire and lutber Co., Akron, Ohion

Intrggqtipn

The modern shaped uharge projestile is intonded as an instrument of
destruntion whose principel objective is the defeat of enemy restifi-
cations and armored vehicles, To sutisfactorily acosmplish its mission
the projectile munt be capable of defeating its sssignad target, and of
flying assurately sacugh to asmsure a high probability of striking the
target with the first or second rownd fired. While flight of the pro-

ectile is properly the problem of the exterior ballistician and the

structive capacity that of the terminal ballistician, the roquire~
ments of acouracy and of destruotive capacity are so often at wariancy
that he desmignss 1a compelled to make compromises ani to attexpt bo
nrrive af the bast ovarall halance of acouracy and destructive potential,
Tha olfect of various design varameters wan shaned chprges has heen
described in soms dotail in other portiona of this volyme (Chapters I,
I, Y11, Vv, VII and VIII) and will be discussed here only 45 rsiatien
to the limititdons impomed upon the designer by the realities of
pragtioal ahell design. An wiiurt will be made to trace the dewelop-
mimt of a typioal warhead and to paint out Uhv general areas whore
compromdses have been made suocessfully,

Snlsotion of Weapon Type and Sigg

The demign fcr a wperdific typw of muaped churgs adssile begins with
the performance specifiuations for the weapc: syitem. The NM.{ ancuracy
and mobility requirements determine the velocity of the projectile and
the type of weapon required, while the maximum penetration determines the
miniznmn sise of liner and charge,

Table I contains typloal accuracy, «ange and velooity data iox
oxinting shaped charge projectilss, The range showr in the table is
that shidch oflfers a fairly high probabllity for a first round hit e a
small target (such as a tank) and is not to be confussd with the maximm
rargs of the miasile,
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TABLE I
Typical
T5pe Range Yelocity Bailistic Accurscy
(Yards) (fps) (Prcbable Error)

Bagookas and OGrenades 100 to 40O 150 to 250 + 2 mils

Rockets (fixed :

leunchers) 1000 to 400D 1000 to LLOO +1 to 2 mils

Racoilless Riflas 500 to 2000 500 to 2200 + 5 nmid

Guns and Kowitzers 1000 to 2000 1000 to 4000  +.,15 to .30 mil.

. The caliber or sise of the missile depands upon its reqired
destructive capacity, its peak acceleration and the type of weapon from
vhich it will be fired. Although perforation of the target 1s a rscessary
condition for the defeat of a target it is not sufficisnts Unfortunately,
very littls is inown about the effect of shaped charge design parsmetors
upon the extent of damage bejyond pemstrable armor and the work which has
been reportad is insufficient for establishing adequate criteria for
shaped charge effactiveness (57), (63), (Chap. X), It has become custamary,
therafore, to evaluate shap.d charge affectivensss upon the basis of

depth of penetration and rels tive hol® volumeo, and to trust that a provision
for some arbitrary "residual" penetration~usmally 2 inches of homogensous
amor -~ will be encugh to assure the defeat of the target., Additional
studiss of shaped charge effectivensss should certainly prove to be fruit-
ful avermes for further ressarch.

The maximum thicimess of the ammor to be penetrated, without provision
for any "residuai" penetration, quite clearly establishes the minimum
dicmetar of the liner and charge. Based upon present standards of shaped
charge =rformunce the minimum dismeter of an unrotated ¢ r cone (D inches)
raqirea to penetrate a given thickness of armor (T inches), 90%¥ of the
tine, without j_:rogiaina for residual dmazage effect, may bs estimated quite
well by equation (1),

Dm __r__;;_z__ inches hcmo, armor, BHN 300 (1)

The following tabulation shows the penetration level avove which
0% of the rounds would Pall for cones and charges of various dismster.




RN

CONFIDENTIAL

TaBLE oI

D (inthos) T {inches armor) Approx. Proj. Cal,(ma)

10.5 (E)

11.0

11.5

2.0

12,5

13.0 90
13.5

1,0

1.5

i5.0

15,8

16.0
1645

17.0

17.5
18.0

| 18.5 120
1 2 19.0

L"oj 19-5

heS 2040
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After galenting the type of weapon and velocity from the acouracy
wn purtabllity ruguiremunts, and the minimum &lse of cone and charge from
Bxaidon (1) and Table TI, the caliber of the mizsile mny ba datnrmined
firom the thicknesa of the projectile walls required to withstand the
stressus of firi—g.

Before proceading with a more quantititive discussicn of the " ffent
of ths various deaign pavamatars wmmon the penstirating pstential of the
charge, we summirise vne preasiit stats of Wic devolopment of the hypo-
thetioal projeatils, The type of woapen, peak ;un prassure, acceloration
fornes, mussle velocity, projectila caliber, cont sise, projectile walil
thickness and the matarial of construction of the projectils body have
been tentatively defined. Al)l have baen fixed as & redult o & wuididoa-
ation of the spucifications for wempon weight, weapon accurscy aid range,
and Ly the projectile penetration requiremanta. %The type, ahaps; matarisl,
wall thickmase, apex angly and method of mourting of the core, the mmount
and distribution of tha axplosivs, ths sizs ard positioning of the bocater,
previzion for the fuzs, and the mamufacturing precizion required for
Gobaining vne snhaped cusrge peciumence predicted in Table I1 remain to
be detorminad,.
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CORBIDER,ITCN OF LINeK PARAMETERS

Although the effect of various liner paramsters - shape, matecial,
wall thickness, cone angle, etec,, - are describad in detail in Chapter II
the projectila demigner iy not free to treat these parsmeters independenti.s.
Ha miat. be gndided in his cholce by the projectile parameters fixed by the
reqiirements for projectile accuracy. It is therefore quite appropriate
to treat each of theso parameters here in order to illustrate the manner
in which a judicious choice of oach of these parameters may be relaiad to
the howdary considerations of the projectile design.

Standof{ Distance

In a real projectile the effactive standoff distance is determined
by the length of the ogive, tha velocity of the projectile and the fuse
functioning time. Although the optimum standoff distance for s wall mads
conical liner is usually more than four cone diameters (36), (39), (L1),
(k) (Chap. III) (Fig. 22, 25, 20), the actual standoff is usuall, limited
to from one to threo cone diameters by asrodynamic conaiderations involved
in oglve shape and mive., Howaver, thin standoff may be enongh to permit
tre attainmant of about 90X of the pensiration expecied &l optimum &tlandoff
and the shorter atandoff has sdvantapges in oartain inctancas, For example,
ir the shell must be rotatod at wome low spin 1rate, 10 to 15 rps, in order
to achisve projuctile acouracy, the optimum standoff may be raoduced fram
four to two cons Alnmetars. (hL) Alwo, if the ¢nemy employs spaced armor
in an effart to reduce the officlenvy of shaped charge projctilas, the
spaced armor itself may rrovide the inoreased effective starde’f rocquired
for maximun penetration (2L),

Qe Lenpih

The length af the projectile boly, and hence of the charge, ia most
frequently iimited by asrodynamic performance and projectile weirht specifi-
cations, In gwneral, tho penetration and the hole volume obtiired inoreass
with inoressing charge length and mvaches a maximum at about 2 or .9
charge dismeteras for heavily confimad chargea or 4 charpe diametars for
lightly confinxl or. unconfined sharges. (55) (Chapter V, page 127), In most
cases involving rocketa or projactiles a charge lengih of 2 chary. uianeters
eon be previded and this is sufflcient if the charges are subjected to
olose quality control during mamfacture and loading. The usual effect of
swduced charge length ia a lowared avorays panstration, reduced hole volumo
and en increased mmber of rounds with below normsl penetration. (5%),

[+ TS e
Shuirge Shipo

Existing shapad charge designs usually have one of the whapes shown
in Mgure 1. Although each can ba mede to perform satisfactorily, 1 (a)
has the sdvantages of & somewhat preater ease of manufacture, of high
explosive loading and of blast effect (because of the larger waount of
oxplosive); 1 (b) or 1 (¢) are someiimes necessitated by ths requiraments
for accursry. There 38 some slipght evidence that a tapered charpe bas a
sherter optimm standoff and & slightly lower maximun ponetration than the
oylindrical charge. (5’5‘{7 The eraater amount of evplesive 3n tha cylindrical
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charge majwe it mors valuable than the tapered charge for the secondary
effacts of blast and fragnentation damage.

Selection uf Liner Msterial

Although depth of penetration 18 not the maly oriterion for judgim
the meximum damagm to the target, there is only limited infomstion
aveilabls as to the relative damage beyond the targst caused bty target
penetration dy liners or different maierimi. Such information as there is
(63), (57) indicates that the rolative damage decreasos in the order
aluminum, 23331, Goppere wne reLEcive panetrating ability of various
materdsle iz dégorined in m:;gtor IIT amd hes bosn the subject of many
investigations. (11), (W), (38), (35), (17), (22), If the type of wespon
ia such that the caliber of tha projectile overmatohes the penstration
reqairement for the defeat of the proopective target, a most deniruble
oiromstance, it u{ b possidle to selec’ alumimm or steel in prefer-
onoe to copper, But if, =8 18 most frequently tha nass, the penstration
requirement taxes the pemetrating ability of tha projectils cnly copper
can be o;nridered sericusly. In this case alumimm sleeves (LS) oi* bi-
wetal cones (43), (36) ehould de considered,

Having reached a decisien am to the {ype of cons material to be
used it 15 rwosssary to specify the cowpoaition or allay. Although only
Vary aoanly evidence oan ba oited for ovidence it is the considered
opinion of those most closely associated with the art of abaped vhmige
desliga that the purity of the material, nr the typs of allar to be
spaciflnd, shouid be that which hay the greatest dvuctility. This con-
ulusion 4s dadmoed from the fuct that potential depth of penstration is

rosd by the length and Jdenmity of tha lat, The density of the jot

of covrss characteristio of the {ype of material used and is only
s1ightly 11 Mumnoced by impuriiies dnd alloying ingredients. The length
of the fet is determined not only bty the aime of the oome but also by the
wolocity gradisnt resulting from ihw design of the charge and by the
ability of the ductility of the jet material to support the velocity
gradient, during clongation of the Jat, without rupturing. This eflec«
tive jet duetility is of ocourse deperdent upon the inheren’ ductility,
the strength and thr mlting point of the material. Much mure work
needs ¢0 be doma hatfore the influence of thise factors iu underateod,
At this time, however, the vest choice of material for shapad charge
lirers is boh-nd to be oxyzen frew eleciroiytio copper.

Liner Sheze

Liners of sany different guometric shapewm have been tasted for pena~
trating efficleney (Chapter YIY) Bul expsrisnds in the Uniiad Statas asame
fn indlanta dhal 55 Vsl wud mosi GrmALNUENY resuite can be obtaimid with
condoal 1inera of appropriate spex cagle and wall thickness. Sama very
recent data, yot unpublished (65), indiests that. "doublc angia® oconioal
linsre may offer eertéin advantages, tat the performancs of theza linsrs
has not yet been deteruined sufficlently well for & complete svaluziion
82 thedr trum wordh,
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Cono Jall Thickness

For euch tyys of cone material, standoff, projectile wall confine-
ment, type of explosive, shape of charpge, and apsx angld there is an
optimum wall thickness. From the oractical conslderation of projectile
dasign, however, projectila confinemment and core apex angls are most
determining.

Figure ¢ shows reasonable valuss of liner wsll thickness for
oopper oones with apex angles batwesn L40° and L4i© plotted as a function
of the confinsment. A8 an approximate guide for liners of different
pex anglen; ar for shapes other than aonical, an appraximately correct
vall thickness may be obtained by maintaining the thickness ocustaut in
an avial directien (55), (12), (Chap. III, Figure 11, 23).

Qurves of penstration vs wall thickness are freguently unsymmstrioal
(58), A thisier wall gonerally iz %c ba prafarrad owey a thinnar wall,
The performance of the latter is typified Ly an excessive variability
from charge to oharge, the forwer by (pod reproducibility with only a
tolerabls deorsase la penetration. It would, therefors, seem to be
good practice to select a well thickness about Y% greater than the
optimvm to assure that In prehuction the wall thickness will not be lesza
than optimum.

Uones with tapered wall okne98 have beon ntudied from time to
time. {Cheptar I1r),(42), (53). Though more wark in this field is
desirebla the availnble evidenoce indicatsn that fapered walls offer
light, if any, res) impriwsasnt in the performance »f coniocal lizoras.
The dada do show, howreve:r, ihat rathar widh tolarances cay be placed
wpon the wartation in wall thlokness betwsen spax and buse without
reducing penetrationy E%%& the wall thiokness is wid consiant at
2ach transverie untim 0 Gonm ¢

Yor linars of shapas athar thar nonical = doubls angle, hemispheres,
trunpiets, etc., the observatiion that, optimum wall thickness depends upon
the inolination of the surfane indicates thut in such sases taporsd wall
oones may be advantugoous.

Ocna Apex knrie

The choice of cone angle is quite important both frum a performancs
ind a mamiscituring polnt of view., Data are abundantly availabla to
show that raducing the apex angle may decrvase His cptinmum 8tamioff,

Al Wiav We Plusu angle 1s depsndent upon the cone material, wall
thickmass snd charse lamgth. (CGh. ITY, Figwss, 38, 10, 20, 21, 3§},
A® with most other come parametary, ths affact af anex sngls baccmes

lose importen’ as the spin rata of the projectils increnses. For example,

at O ypu » LEO 2} ineh copper cons penetratss 3 luches deeper than a
60° cene of the same wall thickrmsa, but at 45 rps the difference ia
less then 1 inch. (16),
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The penotrating peorformance of small apex cones {20%) 1z character~
ized by lowercd efficlency and increased deviation or scatier of ihe data,
(33), {50) It is probable, however, that this merely reflects the difficulty
of mamfacturing good cones of very small angle. (Ch, III,, Fig, 28).

With the precision of modrrn mamufacturing riathods the optimum cone angle
for projectiles with copper cones is close to LO® or 45°, In scme cases
beat penetration parformancg has beon observed wiih 20° (Ch, III, Fig. 28)
rones and in others with 60 cgnes((J) Fig. U4).. As & firat choice a

cone angle of eithar 0% or 45" may be Jelacted and will give good pwxforme
ance in projectiles with an opive length of two calibers,

Sharp Apex VS Spitl .ck Tuhe Cones

In most reported cases involving copper conos whore charges differing
only in the protence or ahsence of a apitbaclk tube have boen compared.
equal or slightly Letter penetration is obtained with a spitback tube.
(s), (19), (23), (39), (66). Thara 1 no effact upon optinum atandoff,
rovation or optimum wall thicknoss, In addition to the usually better
performance of spittack tube cones, it is easier to manufacturs cones with
a ahort spitback tube ssction and maintain clrge tolerances than it ia a
sharp apex cono, and lsas difficulty 10 enoountered in obtaining sound
rhargas whan apithack tuba conas are uased.

It im standard pracstice .0 Epecify hard drawn Soppor tubing with a
wall thiockness of 060,065 inch for apitbank tubas. Tha affast of mha
diameter has received only limited attantion but satisfactory remsults
have been obtainsd yith tubss having a diumeter betwuer. 20% and 30%
that of the vone  (27)s

Lit.tle informacdon ie available upon the effeot, of method of attach~
ment of apitback luics v consa. The tubos may be integral with tho cone,
or may be attaclied by means of soft solder, brasiny, buttresa thrasdes,
cementing or crimping. Although all methods have baen used only the first
and last three are both relatively inaxpensive and do not require the
application of heal to Lihe coneu with the consajuent danger of cone warpupc.
In any soldering or cementing operation great care must be excrcized to
seo that any axcosa material 4s remcved from the tube and cone. Ffven a
small amount of cement smearsd on one side of a cono has heen shown to be
enough to reduce penctration by WOE. (6),

ASUEMELY OF THE LIHER

Method of Attaching

i e e ol

Fair difien mothods of come atiachmont ars oommenly cmploysd;
{1} orimp cone {lange betwaen oyive and toay flanges (MGAZ Grenade), (¢)
Lraze or cemont (M2OAZ or T205 Rockata), (3’5 cuns flange registers in
body and 48 c¢lamped firmly by a threaded ring or ogive (Mo7, T108, T18L
HEAT Pr‘o;jaetfi.;l_:gg, (4) conn is pressed into the ogive and keld in place
by & locking groove (7119, T30 Projectiles), Although eacn metnod has

certain advantages in manafacture the last two methods have demonstrated

o smay e e
b

k3




CCNFIDENTIAL

consistently good performance and may ba umed satisfactorily (62),

ALigmont of Cons and Charge

For baat and moet veproducible performance the axis of ths churge
awrl none should onincide, In soturi practice, however, the uxes may
be parallsl hut displaced, ur may not be parallels & large mumber of
sxperiments have bsen descusibed in which the importance of these
variables is treated (1), (L), (L6), (49), and the importance of ex-
tramaly aaraful aontrol over this type of imperfection cannot be overw

emphasised.

Tilt of the liner resulis in 2 reduced average Bmtraucn. The
lowered average is the result of a largor mumber of "poor" ahots,
Thers ara scve good shots even with angles of tilt as high a3 2,0°,
mumgutthmpommmummwstmmom
13 $41tad 1°, about 20% at .59, 108 at ,3° wid a difference iun the

:gdn:a B,:d ?3%95‘. netration oan be detected between tilts of 05"

The second type of misaligzment, in whioh tha aona gharge axes are
paralisl mt offset siightly muet be controlisd just as carefully. In
one expariment an offset of only .015 inches (1X of the base diameter)
roduned the.penstration significantiy, appausicate’s 2072 (2),

From the standpoint of mamfoturing, harever, it is not difficult
to mpintein the ocinoidencs of the charge and linexr within ,010 inchaa
provided the coiid are properly reglaturad und clsmped in place, It is
moh more diffioult to maintain alignewnt in brased, velded or cementsd
espembling, However, re 88 of the method of coné attactmant and
the care exeroised in maintaining proper aligment it is very importmnt
te tu atile to inspect the aligmeent after the cone and charge are
“ﬂ'ﬁ; Bwery offort should be mwis to avold blird amsemblies of the
projeotila,

BOOSTERING OF THE CHARGE

The sise, shape, location and aligment of the boostar have all
been studied th), (26), (19), (64). 1In mont casen electrin detonatara

have baen used to initiate the booater. In ons exporiment the thiok-

neus of the bocater swas varied from 0 to I" without any indication of

2 detriaental effect ypoi performance (LS) and it was concluded that the
detonator was sufficlantly powsrful to inltiate the chara. In a real
projsitils, huwevsr, the detonator is onciocved in a rotor in tha fusa

224 owan thonsh u tatrri lasd may be awploved the probability of being

#bls o Lnitiats the cherge satisfacterily wvithemt s hooatar im not high.
Novertig)ean, expiricncs with severul projectiles has ahown that the

by catsr doas not need t0 be largs; & pellst ) inch in dizmster =

Aok  hish sppears suffficient for 3.5 inoh charges. (1208 B7 base element).

. ARERREIRARA?

IR e,

[OTTIVN T P




N FIDENTIAL

)
=

The effect wpon penetration of the "headof explosivw, or ine
distance between the booster and the apex of the cone has been examined.
(26), (28), (33), (58). e head of oxplosive required seems to vary
with W "order® of the initiation, If the main charge is satisfactorily
initiated in a symmetrical fashion the booster may be placed directly
abcve the liner. If, however, the initiation is howmdorline satisfactory
perfoxmance will be cbiaivied only 4f the boostar is from one to 2 cone
disamtters above the ocone. If the detonator and booster are adequate 1t
is belleved that satisfactory shanad oharge affact will be obtained if
the boonter im not less than 1 inch above the cone, It does seem likely,
Gowever, What the effect of mlsallgment of Ue Gue will become inrreus-
ingly severe an the booster ir moved toward the cone, Therefore, the
booster shonld be placed 23 far rearward in the charge an other design
considerations permit.

Boomntric initiation of the charge has been studied extensively.
(L7), (61). For point initiation it has been shown that the detonution
vavs front is essyntially spherical with the detonator at the center
of turvature. (48). If the detonator is moved off=cunter a decrease in
penetration is observed but tho effect is relatively small. Flacing
the detonator .5 inch off-center, in a churge length of twe cone dismeters,
rasulted in a loss in penetration of 208 (7?’ 8ince it is not difficult
to hold booster and detonator alignment to within .060 inch, off-axis
initiation is not sn anticipated problem with eleotric or magnetio fuses,
bt scee difficulty might be experienced with @ spitback typs fuse., In
the latter ocase initilation at a point .5 inoh of f-center can cocuy unisas
care is taien L adEembly of U apitter cone,

CONFINEMENT

The relaticnships batwesn cona wall thicimesc and projeotile wall
thicknaze were desoribed earlier in this chapter. There ars, however,
other effocts of cwfinessnt of oconsiderable interest to the designer,
Increasing the confirement increases the hole volume greatly (8), /51),
This sffect 16 noted whether the confinsment is provided by inoresscd
wall thackusos o by & "Helt" of explosive (25). The presenca of ex-
plosion productsn at high pressurs within ths sxplosive balt retarda the
expansion of ths products in much the same manner as does a steel casing.
The "confining” effevi ¢f Aifferent inert malérisls is, of cowrss, pra-
portionai to thelr cansity.

In early exporiments with charges of dlameter larger thaw that of
the cone, a signiricant effect was noted in those camps where the conss
were flanged. {5), (10), It was olseived ihai whnen an oxplosive belt
42 in contant with tha ot femze of 2 cons bhe pErstiesilcn ves lower
ke ghan the Tlangs was ronivved. The 1085 in peimicaiion wahd consicer-
adbly greoater when the charges wers heavily confined. With the typieally
heavy confinemamt of a 105mm projectils a loss in penetration of LOZ
pesnited whan s 10 lach flangs wam bhagked by explosive (25), (26},
Recently the rerulta of an extensgive study of the effect of confinsment
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upon the evi'otmance of flanged amd unfiange? cones have become avall-
able. '51). The data are summarized in Chapter IIY,

From these data the author drww Lhe following oonclusions:

1, The addition of a small explosive halt obtained by increasing
the charge diameter from 1.63 to 2,00 inches has produced very nearly
the smme sffect on penctration and hole volume as the addition of .28
inah of ster)l confinement.

2, When haavy base confjiner nt has besen added to the 2 inch charge,
“he penetration is decreased about 27%.

3. Thh addition of both lateral and uieavy base confiremont to the
P m:hwcl;arp csuses a drastic reduction in penetration ps rformunce of
abou .

Le Uhen the Larger charge is confined laterully, the presenoe of
the {lange has caused a relatively mmall tut significent dacreass in
canatration, ae compared with e similarly ocnfined charge lined with a
deflanged conee

5. Tha hols volume produced hy the ? inch charga is inarsarad hy
about SOF when lateral confinmment of .25 inah steel is used (coupared
with the 1ML increase which cocurs with the 1.63 inch charges); boundary
oconditions at the base of ths charm have little or no effect on hole
volume in spite of the large changes in depth of penetration,

This experiment illustratas how an apparently superliclal changs in
charge denign can cmuse profound change® in charge performance. While
1% 1s poesidble to explain thwae changes wvalisfactorily in the light of
rundgmental infermation, and to predict gualitatively what might have
boan expacted, groat care should be exeroised in designing experimants
#0 88 to be sure that the variable being evaluated is indeed the only
variable under tast,

INTERNAL OQIVE SHAFS

The internal shape of a coniual or tangent ogive dosa not interfere
with the nomal collapse process ol the shaped cherge liner. Howmver,
a muder of HRAT ahells now being developed for the Ordnance Corp® employ
a tes, boom, or spike ogive which can reduce penstyation greatly. Ogivas
of t.hiu shape are of interest becmume thar hewo o low 1424 ard tharefore
2 ssaliesr restoring moments are requimwd for projectils atability. Whils
gush oglvss de have s migh ligeer dreg Wmi venluel o tmugent vglves ab
projectiles velovities up Yo 2000 fpa, Uir sdvamilage of lowor drag posssased
by the iatter iz much less morked at veionities of 3500 and LOOO fpe.

The aifect of internal tes configuration upon shaped charge offect
bas boen given a great deal of atisntion. Figure 3 shows six of the mary
senfigurationd widuh hava hesy testad and the papatrationn esch of these
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booma parmit. (13), (1k), (17), (8), (20), (22), (29), (30), (31), (37)
(35), (34), (32}, 238). A cmm.lderat:lon of designs A to § disclon tvo
important design requiremsnts: (1) a free space not less than 0.6 coue
dizzaters must be provided in front of the sone, and {2) the bore of the
voom must be as large as the maximmm dismetex of the slug, It seems
cloar that aear the hres of the cons the collapeing vlements follcw a
forvward curved path (533 and that comt sollapze 4s not ccplete untlil the
sond has moved forward a distance of nearly one cons diameter, and that
useiul jet elements are forwmed during tha time the slug is moving forward
s seoond comw diameter, If the bore nf the boom 1is not at least as large
iﬁ Lo wajor u:.mun‘ of Whe alug, ths Jet will bs pinchad off when the
in ko bore and a portion of the polentisl penetration will be
t‘. i. e au ﬁ?a“ﬁd m'- w\l.a ntots-c tv u Sﬂﬂ 1t ” _anuan-\.ic
mugpect that in dynamic firings the beom may b jasmsd roarward toward
the cons by the impact veloelity and that this wili redunoe the effective
fres space, Therefoiw, some additional free space mast ba provided and
the aotual smaunt 1equived will probably depend wpon the maximum lmpact
velocity of the projectilas.
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CHAPTER V
THE FXPLOSIVE COMPONENT OF SHAPED CHARQGES

A, D, Solam
We T. August

Naval Ordnande Laberatory
Silver Spring, Maryland

Introduation

The shaped-charge effect depends upun the pressure impulse of a
detonated explosive to acoalerate the liner walls in the oollapses process
which produces the jet. The exploaive is therefore fundamental to the
phenonenon and it is essential that charge paramsters be carefully
selected, This means that proper distritution, initiation, and explosive,
or ari adequrte campronise of thesa fastors he made,

FYortunately, oonsiderabls experience has baen galned fram which 1t ia
mnerally possible o male adequate shaped-charge desipns. The effeact of
cumpronisss with the 1deal dssign can alss bs astimated rsasonadbly well,
Huwwver, the problems of “ﬂi::i“. in shaped charges have not all been
s0lved. wditiona arise wherein mimor variations causs an appreciable
porformance changs which oan be atiributed only to the explosive. Small
modificatione in charge praparation tachnique or s change in explnasive
distribution about tha liner may affact the panetrations signifisuntly.
Tiv exact hearing mon-uniformity of the explosive charge has on parfom-
ancy requiras further investigation. Propar shaping of the detonation
weve in the explosive has shown promise of large increase in penitration
performance but has introduced additional difficuliies which wmst be over~
oome befors it osn be considered seriously for applications (1-3).

Practioally all studiea of explosives ir ahaped charges havs been
scperimental, This does not mean, however, that thn bagic studies have
been neglecied. Detoneiion theory im being activeiy purraed, o is aisc
the study of explosive-metal interactions ?h). Direc* applioation of
thess recsarch studies are being ocarried out bty the CIT proup in their
vork on a relense wave theory as spplied to llaer collaprs {5),

Dytonation Theoxry

While detonation theory is furdamental to the study of axplcsives,

anly s heinf mmmare in poaded for the prasend purpoass of sopesd chasgss.
Datails csn bs found in referwaces {5), (7), (8), (9) and (10)s The
vomtection batween detonation and ashaped Ghsrge theories is given in
Chapter I, for instance. Consider the aimplified one~dimansicrial case
with the reaction scne Z stationary with respeat to the obmerver, Figre 1.

Asmume the unreactad naterial (p;, vy, T;) enters the reantion ssna wth
s velocity D and the producta (p,, Tas T,) leave the zone Z with a velocity

{D=n). Ths quentities p, v, and T are the pressurs, specific volums, and
tomperature respoctively and tha subseriptz 1 and 2 refer to the nmedla
alpaad of and betdnd hs raecijon zome, Alxo the aymbel v omsy we definsd &8
ilg
CONFIDENTIAL
SN T T

ook : e
-




CONFIDENTIAL,

REACTION ZONEZ

pfrn—— e
(D=V) 2 0
Fg Y4 Tp 1 M T
REAGTION PRODUCTS CXPLOSIVE

FIGURE |- THE DETONATION PROCESS AT REST WITH THE
DETONATION FRONT.

R-Hg oURVE

DETONATION REGION

. :l FORBIDDEN REGION
[ aalieae B —-

k DEFLASRATION HZ4I10M

!
FIGURE 2 ~ RANKINE -~ HUGONIOT CURYF SHOWIME THE GHAPRMAN-

JOURET COMDITION,

SR PATT S FRBRYNE A T
8 RETM R LESEIAY & SEnid
ot . - 9 AT Y P T S WA EY ‘wiA T e oa S
AT RS go T T (AR nS R e, e .
- o e B e e

i 11 e S B B s . . P

FERRL Y-

G RS Rt




CONFIDENTIAL,

the particle velocily, that is, the diffarenma baluasn-inflow—-and-sabllow
velocitles.,

The conservation aquations ars)

4] Dy
- - Ena———— (1)
o o— Yl vz
D2 e
Mowsntis E.p - 0w, ()
'1 R 'Vz ra ‘
2 &
Mgy ke F P MG ek m‘pzvz’(?
(3

Terms involving the gradient of tempereture ahead of and behiid ihe
reaction 1008 arn neglected. ‘1 and EZ are ths intarmal energies of

media ] and 2 respectively and the qantity (02-91) is the energy
evolved in the reaction. These equatioms :ri”g

/By = B
Dy At W
Py = P 1/2
u-(v-l-ra)(—-—-;a,l_'a) )

LR R (RN CRL AT ®

Tis 1ast equation ia the Rankine-Rugnniot relation and s represented
by & curve shaped about as shown in Figure 2, Starting with the un-
reacted material at A (this point will bn talow the Rankixa-Hugoniot
Gui've) the shoock and rasetion will earvy tha process so that the state
of the reacted materia) iles un the Hankine-Humomiot sumes M) 15
%o the laft of A as the products emorge from the detonation .tran%.
Traneiticns 4o Tower preasures and higher volunes are deflagratiocis
and are noh io he considered fwthor hernin,

In the wodel, steady-mtate migh® axist anywhars slong ths f"-!!)z

L5 yew

curve Above the point of tangeney., Dut in practioal three-diuen.ional
siiustionr, rarefactions from %iw boundaries ali~ys roduow the procesn
to this point of tangensy. Ii is the oply gtable propagation velooity
apd this condition leads to the squaiicn for the sound velooity in 4hme
profucts (the Chapaan~douguet condition);
(}pg o pl 4/ €
Cg = Vz \vwfis-::-;a/ (?}
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the detswatiam walornity is then related to 7ound speed by:
pz - pl 1/2 \
Also
-1. T ] he

Py - Py & ,'ID'u Py D2 (9)
for the detonation preszure, As can be segn these considerations are
intimately comnsctad with hs subject of squation of stale of explosion
products which will not be discussed in detail dbecause of its lengih
2lthaugh A0 16 of primary imporlzace. Tor gasecus axpiosives Uhe iGesd
gas lav works reasonably weli. For =01id or liquid explosives this is
ot the case, Several squations of atats have beem usad such as:

Avel: plv - b) = B (10)
Jones: pv = RT + £(p) (1)

and the mors camplicated onss of Wilsan-Kistiakowsky, Leonard-Jonsa-
Devonshire with modificaticss, etc. (bservations of detanation
velocities with differeut loading dsnaitiss, plus assumptions concerning
the chemical 1eactions involved and the use of the hydrodymamic equatioms
permit evalnation of the comstants entering the equations of state,
Present offorts are boing directed toward obtaining better equations of
atate (or bestter parmmeters) to predict detonation phenomena.

For shaped-charge work accurate values of particle velocities of
the prodnct gaser amd detonation rates are required to get good estimatss
of detonmation pressures, A theory of H. Jones (9) parmits placimg limits
om the range of detomatioa pressures and icle velocitiasz which will
prevail for a given detomatiom velocity (10). Jones has shown that for
& oio dimensional detonation in a charge large enougk to have the
infinite. stick rate:

p
2e(zefe B B)s az)
-1
vhere o (!Cv - -1\ (13)
\vo(F ] /
A 4
and Ty ./-.. %
How g (o | (1}
¥\,

_ ]
e wantity a is spproximataly amal 2o 0.28. Ham £y 13 the loading
5 -

dengity of tne explosive and (dD/Gps: - B) 1s the sicps of the detomation
TAGTLIVY Wh o lvsding density curve et densiiy s: 8 detnnation velecity
can bo represcnited by -

1 -

L‘- = ¥ “;f_! @ 1
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whers D, . is the detonatlion velocity at a donsity of 1 g;‘x‘m/un3:

Thme Tntomation velocity data can give a good estimate of I/u and an
estimated accurscy of 5~10 percent based on an assumed error of €0
percent in @. A2 a consequencs, many of the parameters needed for
hydrodyramic treatment of shaped charge jet formation can be derived
from known detonation velocity data with reasonable accuracy.

This disouasion has Leen brief. It wns given to point out the
accuracy with which the detonation parametsrs that enter shaped charge
conaidarations are known.

Rffect of Different Type of Explosives

In shaped~charge development considurable work has been performed
on atandard chargss to evaluate the relative performance of varioua
explosives (11-15). Only a few of thems have found ordnancae applicutien.
S8cme explosives with low datonation pressures are marginal 'nd form very
poor jota, but no wpper Mmit to performance has l.sen found 1.e., as the
detonation prensurs is inereased the penstrations increase, The trend
in exploaives research 1s the development of new compounds with higher

‘datonation velooitias and pressures. Thus mall additionel improvement

in performance might be anticipated.

Tabls 1 1ists varicus high explosives, thsir properties, and shaped-
charge peratrationa (16). The list is not complets, and mome are unaceept—
adle for wide application hecause of sansitivity, ocmpatability, stability
or production difficulties, The densities given arew those actually obtainsd
in the charges used for penetration compsrisons, The detonation velnoities
given are ¢omputed on the basis of exporimentally derived density~detonation
velocity olope dats fop the deplosizes (17). Sensitivitios ara Laken from
inpact eivdies at NOL only to avoid introduoing calibration constants for
different testing machines. The penstrations are from NOL work o polnt
Anitiated, unconfined charges 4.0 inches in haight, 1.63 inches in diamstor
with MOiL wiewl cuiws wmd £ired with 4.0 inches standeff intn mild atael
plates (14, 15). A few similar explosive comparisons performsd at DuPont's
Easte)mn Labovratorins are alno glven. 5his furnishes a rsascnahle campariaon
of different explonives,

Formulas o -orrelations relating psnatrations and cavity yolumes to
parametars of the explosive have besn dawelopad. They do not take nto
account, however, the properties of the liner or the naiuse of jet formation
and wanatration nroceAfad.

a. The lirat was dsveloped hy imPont Laboratorias in 194 3-hl (11)
wheroin tha penstrations ahtained from MYAL steel and glass
rondcal linars for different explosives were cocruvlatad wiihy the
calwulated nydrodynamic detonation nrassurs.
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Delvaation pressurn = Py In

A modifisd &%21 cauaticm of state was used to eatablish
un aversge value of u/D 22 0.1 so that

Detonation prassure = 0.21 py p2, (16)
Figure 3 shows the vorrelation ottained,

b. 7o improve the yrediciica of performance for higher energy
explosives the {olliwiag formulss wewe developed at the
Faval Ordnanco iaboratory based on Jomes!' formulation of
detoration theory far s0lid explosives ([18). Thess were
based on KCOL penetration data ob+tained with M9AL steel comwd.

Pa/x + 11.19
Tesatration = —Lm——

er 91 Dz/x + 73.58
Penetrating = KR

whers D am! P, ave deflnad us bafore,
'2 ] Da/"
vhers T 12 defined im aquation (12) amd P, is magleatad.
K « isentropie (expoment) as defired in ecuation (ih).

KeRo1wDA-1
Py= sxplosive losding density
ané ame 002;

' s showa tb» correlation for varinue =xrlosives using agation
(1) sbove. To be applicable tipsa formmlse require smo kmowladge
of the explosivs, namely D and B,

c. & rerralation of cavity solums with detomstion préssure was
also atiempied from the ssme tantp (a) by the PuPaxt Labors.
tories (1i), It was fonnd thati iha volume was gppraxinately
proportionel to ths datoaation pressare ag indicated 1ix

riﬁiﬂ'ﬁ 5o

Bxtripolabing thess vasnlia to sther shenadeshaves snefigorations
right Joad to considerabls arror. The reasults can be ganeralised
scnswhat, i exaot prediatlons are ol required, Wy spplyis= as
carractions tha lncwm 2ffect of changing the varishiss vhich affect
pepatration for 2 given explosive, Those formmise sam alge be used
te prediet relsiive performence for a oless of explesiwves,
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Several exceptions have been noted experimentally from theae
vorralation formw.ae~-speciiically zoma aluminized explosives and
axroniun perchlorate compounds. Several xwasons have been sdvanped
for their deviation but no positive evidence hLas baen obtained to
suppert them. Deospite thess cuses for all practical applicntions
the uc. of thase correlution formlae will give adequate answers,

Explosive Distribution and Indiiation

The distritution of the explosive ebout the 1/mer and the type
of initiation used to detomate the charge have a very marked influence
on e performance of a shaped charge. Distribution as discuwsed in
this section is eoncerned only with the geometrica) arrangsmeni of
the explosive. Inhomogeneities or variations from & uniform cherge
vill be comaldered later. The parameters which describe the exploaive
geoneiry sor cylindrical or nesr oylindrical charges are height and
dismeter. The dependence of purformance on the distribution is closely
related to the mammer in which it controls the pressure impulse delivered
to the linar walis,

It 1» mot poesibis to gensraiize much on the effect of the explosive
distribution parameters without first defining certain supplementary
conditions. one takes an unconfined and poiat initiated charge, the
moun penetration will increase with inecemsing char:® height. Penatra-
tion iz very meusitive for heights up t¢ several come dismeters after
vhich it shows only small ochanges with increase of the explosive ocolumn.
However, it 1s still obsarvahla at lengths up to 6 or 7 cone diameters.
Flgure 0 1s indfcative of the normal balavior of pensiration as a
funotior of charge height undsr the conditions previously cmumerated,
Aotuelly varying the length of cxplosivs above the limer apax affects
tha shape and nagnitude of the high pressures region in the oxplosive
rvaogtion some and alwo varies slightly the direction of the wave front
vhich intaraots with the liner, especially st short charge heights.

idar similar comliiions the affect of verylag the explosive to
iimer diameter rativ results in a penetration relation as shown in
Figrs 7. Yarving tho explosiva diametsr with a fixed cone dimmeter
remulty in a performance sinilar to that for ohanges in the csoafinement
#all thickmeas.

The hole volume inoreases with increasing length amd alzo inerean-
ing dismeter of expliosive withils the ranye normally observed, A limii-
ing value is approachisd and,of courss,it becomes more difficult to
ohaorve the meniler ineresses vwhich arc hidden by the sprecd in iie dubs,

Algh-ngh the preseding paragraphs would indicate a relitively simpie
vorrslation for parformance with explosive length and diametisr, in reslity
1t is & oompiss problem, Tt shoolid bs moted thet the resulte pressnted
were for the sinplest casd and under rastrieted wonditlons, The shape
srdl megaloude of these curves might hs greatly changed by any one of the

C

i :F' .., B

(_'J‘

P .

A e i el Wil o e -



maz o

PENETRATICN  { INCHES)

PEHLITRETION ! WCHES)

T 1.8R20" CUNE DIAMETER (GONITANY)
[
Ou"‘—o/ ,I/“ "
\ 0.08¢ WALL (NG FLANSK)
sd . /\ \\ (Me)
:.....m——!"’/ ° | \\-x._.l
\
‘ir . [ Jree— °

0037 WALL (FLANGE)
(M9A1)

9 1.0 W 1.8 1.5 14
Oonanox 7 %cone

FIGURE 7= SHAPED OHARGE PENETRATIONS AS FUNCTION
OF CHARGE DIAMETER, (UHOONFINEO)

12 oy PRRIPNERAL
r f‘ "k
0
| }
*;Jn-!—-‘:‘:::‘/“‘“' »
ST A PLANE — '
wavE ”"”/- PONY
I /P/ 1.620" CONE DIAMETER
81
yd
A L e A J -
4b B 4 [} )

ORARGE HEIGHT (IMCHESY

FIGURE B~ SHAPED CHARCYL PENETRATIONS AS FUNOTIOR
OF INITIATION FOR IWSA! STEEL OONES AND
BO/BD PENTOLITE EXPLOSIVE.

G et e MU ED Y HELETITEY gl g, - oo . e Ly
PRAR . "

e




O ——

CONFIDENTIAL

large nusber of variables not consider~d in the dimcunsion wp tc this
peint, In genera) nrlass synerimental resuylts are avallable for the
pawrtionlar sitnation at hand, 1t in difficult to praedict the effect

¢ wariation of charge height or explosive diamater with any certainty.
Thia ia also true if the zhape or comf.ir of tha explosive charge )
doviates from oylindrioal sym “iry. Some hope is offerud, howeve:, in
the way of gualitative predictions by spplication of the ‘Release Wave"
considaration® being deveicped by the CTT group (5).

8o far cnly poimt imitlation ham been discuswed. Maiss wave,
perinheral, or other iypes of ilailidation widch shape the detonation
wave may chenga the penatrations obtained. Figure 8 compnres poirn:,
plazid wave, and peripheral initiated atandard charges for differeat
churge hedghtn (3). These results are for steel limers. Iimited
tests for other liner materials indlicate an increase in pematrations
with peripheral ialtistion hut tha parcentage improvemenmt varies con-
sideradly with the materia) of the lirer (20). These special results
are glven o indicate what might be schisved wilth proper wave shaplag.
Pongtrations from point or plans wave initiatioa are fairly reproducible.
However, mmall auyzmestrios azgwhore in the system will produce large
varianifety vith poripheral imdtistion, Application of such an imitiatiom
syntan maad ba nade with omiton if incrassed passtraticas are to be
achisved. Bmorience with a large mmber of shota under well comtrolled
oconditions Mas shown that inoreased pemsiration fur siael cone lined
charges and periphera) initiatiom is real (21). However, the large
Aincreanss (25-30 peroemt) reported here nas bean ghown to deperd oriti-
eally upom the liner used (22). Furthemmore tha cavity volume may be
reduced by as much as one half,

Shargs Prepuration

In charge preparation the problem is te produce an exrlcsive loadliag
which will regult in maximun ghaped charge performence. The methoed
should issure: &) uniforaliy of the axplosive; b) axial symastry and
¢) maximm density, Radial uniformity and axial symsetay are highly
important to jet formation, o272 mmall deviations from these conditioms
may produce a significant, decresse im mean penetration. Haximum donsities
are requived te obhlali the highast possidble Getonction pressures ard
b dzrnost peestrationne Iselk of nnifaemity 4n tha charge doem aot
alwvay? resmlt ia poorer narformance. Inorezazad panetritions have beun
reported whea compesition and dersity gradlents along the charge length
wars chsuged insdvertently, Imoreased panetwations have also been ruported
which seuld be aiiriouted to charge imparfactions in the form of aurial
pipas S84 preduued mome shuping of the detonation wave,

Benigalve chavges may be prepared by preasing or caitling., Iz preas-
dng, maintenance of unifcrm denelty throughout the oharge is difficult.
Coarporition unilornity 16 sasgursd by sdamqusis Wlanding in the cass of a
mulbicomponunt ssatem. Pressing ©he chwrge in a simgle operation will
saraly remlt in conelderable dsmsity wariation 4f the charge is not
snort., Usually for espawimants? wock, the charge 1s wads by preaslig o
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mmber of short sections which wre aseemblad to give the regquired charge
haight. Bven then density changes occur in the ssction containing the
linor ainte it generally is wmuch longer than the other pisces. The mold
for this section must be dszigned so the liner will be well supported o
it will suffer deformaticn. Vreparation of the other ssutions is not
difficnls hut the problen of ssaasbling ths charge still exists, If the
intarfaces are olean and gwsoth, performance will not he influenced by
the manner in which the sactions ere joinsd, Of course, axial sligrment
mast ba maintained. 7The problem of obtaining maximum overall density
alEd arlies wilh pivising. Unleas high preesures ave usad s ohargs
will not approach orystal density. Desfinite variation across the charge,
or axisl pive2 may be formed if care i3 not taken to insurs uniform
distribution of the explosivs powder in the pressing mold. Densities
oomparsbie te the cast matarial may be cbtained with proper care, With
the sane densities and oampositions prezsed charges perform as well tnt
Bo bettar thas cast charses. Howsver, pressin ta the use of
eplosives which oannot be cast) such as high or BMX content mixtures.

Pressures of 20,000 to 25,000 psl will produce densities within 6 to B8
peroent nf theoretioal.

For cast charpss the problem ia to obtzin a solid fres of woids,
low denwity re s conposition gradisnts and large arystals., The
methuds presen in use vary oonsiderably in detail from laboretary
o labvrabory Yub ail fundementally icvolve the foliowing steps:

n. Ihe sxplosive 15 melted at a temparature slightly above the
malting point snd then slowly otirrad to maintain compesition
naiformity and to remove entrapped nirx,

b, The melt is then poured into a Neated wold. A riser 1e
plrnead on top of the mald body and filled with liguid exploaive
¥0 that om tiwm swnlaniye clarge contvacts on n nling the
shrinkage cayities will be filled,

co Cooling is umally by comweotion but sometimes may be foroed
b’ a water bath,

The explosive is impt in the liguid phase at a8 low = Lemperature
me nosaih)s, o that the mell will ge through the freesing point
vapidly after pouring. This encourages the formation of small orystals
and in the came of multincomponeat systems minicises segregation. With
W™W? the molt in usuilly, =seded (creamed) to cbtaim small aryatsais, The
weld 48 keatsd 4o pravent d00 rapid initial soolidng with associated
sntrapesst of edr or formation of low demalir swpioma. Rmatiman tha
SApIOTIVE PeAsEVOAT 1B W6 TAEer 18 poured at & lempwratare L0-ED dugiwen
highey than that 4w the body, A stesm finges ic fwamantly pinced in
the riser iz lman (6 ciplcdive malten dwrimg gclidification of the
charge. Yham this satiwd is not nsed to preveut the riser surface
irom fressing over; ks orast s brokmn at fremant istervals and the
chsrge miy evwn ha probed o Lasrease dowmward {1l of the molisn
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explesive, Cooling, if forced by « water bath should progress from
the bottom up toward the riser, This is done to prevent formatiion of
low density regilons. The use of insulution which retands cooling
increases the probability of lows density rsgions.

Cast charges have not been entirely sstisfactory an! thers has
been considerable effort spent lt‘bunpting to imprm them, The
follewing techniques are the major ones which have been proposed

for .ﬂprcv-enta

s Vacuum melting: It is being used with same success to
Produce more uniform higher density charges. Both the
melting and stirring must be done uander & vacaum, The
ccoling may be done under a vacuum, but it does not
sppear to be important in further improvement of ths
Qh"p.c

s Vibratiom or tion of the poured ghargas: Am

attenpt to help free the entrapped air, This has not
shown much promise,

c. Centrifu ‘s  Spinning the poured charge during the
COOLIng peaod has been tried at RUL as a means for
reducing voids or low density regions., For a singie
component explosive it was found that mo improvement -
in appearance or performance could be ncted, However,
with a multicomponent system, a long couical pipe was
séen in the radiographs along the charge axis which
no doubt produced the increase in pe.stration which
was observed., The method did not offer much encourage-
ment for producing a homogeneous charge.

d. Hachin;rqg the %hain charge: Casting a large billet
& «xploslve sevaral smaller charges are
zavhined psmmits discarding of the low density core and
cller questionible regions, This would produce good

high demsity charges tut would involve an operation which
is difficuit to carry cut.

The Tirmt three of thesa tachniques have been itried in shaved
charges, at lcast to see 1f they would be fe=sible, Vacuum zeliin ,.':
offers the test nmethod for Impruving dezusily and uniformity . of &
ch.rss. Hachining ﬂia'cavity in the chargs and fitilmp ths eha;wd

rge liner In the ==plssive billet sppears pran._imz but Intimets
omwt of axplosive with liners from a productian lot ie haxd o
achlieve. In gvmaral £t can bHa maid thnt amy junrorenent from thozs
methods will not bs largs. A mxinml of & 5=10 poTeont inorease in
moar penstration =ight be expacted. Thz opicuad of pomotirations
nighi bs rsduesd vp 18 50 perconi.
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At this time the optimum castecharge preparation would appear to
ba malting and stirvring under vaowmm followed by a differuntisl ceoling
bath (23) after cesting. Exact detalls cannot bu given becauss they
would dopend upon the explosive, the charge size, the mold, and the
smbiont couditions in the ousting hcuse,

Charyp Imporfections

Wat influenos does imperfsctions or inhanogeneities (cracks,
voide, bubblez, density, or compouition variation) introiuced 1n
Mp'pmm‘m\n bave on performanie? No overall aussesamenti of thu

ortance of these itexs has “an madn; howsver, theréd are consideradble
data to indicate the importance of specific deviations, The imper-
fectivns may rangs widely in sise, The lacgus ones are eavily visidle
on radiographs o on the suiTaoe of the charge. Small inhomogenaitias
sppear o8 & change in average denaity. Some idea of the relative
importince of the axplodive may be gained firom the shaped charge results
walvg Mquid losives., A ligid chargey should have near ideal
uniformity and the efore leszs mpread in the peretration should be
axpectud, Af exploaive inhomogeneities are of any consequence. A re-
duntden in the Ftandard deviation of the mean panetvatich has been obrsryed
nsing & 1iqgid exploaive (Nitromsthans) with precivion onas (2), This
1% the basis for estimated ultimate improvement in reproducibility which
was (notad szrliar. Only necently additional invesiligations with
Nitroglycerine (25) confirmed the conclusions based on the earlier tests,
Praotical ocusideration. make the use af l1igid explosive undesirable.
ose vhich conform to eansitivity requirements produce small penetra-
tions. Oharge wesembly is also ccmvlioated. Rowsver, the remults am
indioative of the valne of a uniform explosive in ieduoing the rovwal
+» round variability in shapsd cheargy tasts,

Sinoe solid explosives hanve positive coefficientsy of thermal
expansion there is always a tendenoy for oast oharges to orack upon
oooling, Fressed charged may ciwsk lu aipanalon afier releass of preszmmrs.
Ths techniimez used to insure high densitlies for the axplosive enhance
i tendengy for oracking. This isperiection may ocour anywhere in the
chirge and in sny direction. There is no direct evidence that it
sdversely infinances poxformance,

Volde and bubblew have the sume appearancs i ~adiographa, Bubbtlea

forne when the ocdboling iw too rapid to permit srtrapped air to ercape
to the ¢op of the charge before the melt solidifies, They alyo remult
when dissolved air 18 s=porated ont in the oxystallimation process,
Velda vaiig 88 & veauls &f shrinking as the explozlee covls, Tt iz not
sheilistiselly cozolusiss thet small bubblos or volds 4o vregicas far
rémoved -fro;a the liney hive eopruclable infisends on performemcs (05).
RLOIEs vz TEIUS AT O sy e Jlwer ses lagoortant. Siagis aavitisa
heve bezn introdused into chargea 1 5/8 inches in dismeter by removing
ths Llner, drilling a hole in ths cherge asd then =cplincing the linsr
{28). OCoat<l sliowé in which the liners wers removed and replaced

izatsd no deterioration in performance due to the oparation, hence
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any chenge in panetration could be attributad primarily to the hole
in the explomive.

Dacresss in Prenotration

Cavity Locatlon 3/16m 3/16 Cavity 1/6% x 1/8% Cuvity
B upex 108 5%
1/3 length from apex 20% 5%
2/2 length fraom apex 0% 103
§/6 length from spex ue 5%

Thesa parcentages arv spproximats, but thsy indicate that the bubbie
offeot may be appreciable. Saall bubbles cc voids distributed
uniiormiy Wuou U othe sharge rduce Ua density. Froa a consideras
tion of detonation pressurs a 2 psrsent density change mey produde &8
much as & 5 parownt variation in penetration,

25“ ere low dansity regzions parallel to the axis of the
produced because tha -:%J;.oniw doos not flow into this regiom in the
final nol dification. ' They can be controlled to a oceriain extent by
using suriiclent viays, or they can be removed by drilling or remelt-
ing this reglon of the charga ard repouring. In sowe cases when the
oadting mold is insulated a pipe may ocour as a thin oylinder displaced
Irom the axie. Wide spreads in pemetrationa or the reduction of mean
penatrativos have Lewn “Hiwiimied to the oylindrical pipe. On the
cther hand mlight increases in penetration aléo have beem attributed
to the wave shaping action of siall symmetrio pipes on the chargs uxis.
Mmm vipes are considerad undesireble beoczuse they are unooatrolled
ations contributing to the lack of charge uniformity.

The influence of localisged inhomogenaitiss ia hard to determliwe,
™air anmiveanna han tha affact of tilting ox ntherwias dinturbing tha
miforn datonation front neaded for ideal linar 2ollapse. A oconsidarabie
smunt of the epread in results cbtained from a group of supposadly
wadiorm shapsd charges nay be cxused by this irregularity. As indicated
peewvicusly the use of a liquid explosive, which is sam=id Zradient
frea, remultad in a 50 porsant deoveasa in the coaffioclent of varim-
bitity for tic mean psneteratlon, 1In thase consldsrations one iz con-
ocerned with the nltimate parformance whleh might be axpected from an
idan) nharge, Thio has not been astablished. It 3a therviore not
poasibls to indicats how faxr one muat, go toward improving charge
uniformity befora negligible gein in reprodusnibiiity of puwrformance

remliix,

S - L R i 0 O MR A o 2 el e o 55t R O S 1 = - o i it - o

1

— -

e FEE - ¢




Sarary

In surmarising it is noted that the explosive detonation parametars
are fairly well known. Those of interest in shaped cherges may ba
ompated with an scouracy of 5 to 10 per it for a given explosive. In
ths protent stats of the theory this is matisfactory although further
refinements may be needed, Shaped charge performance at least in pert
mv be oorrelatad tn dstonation parameters so that the best losive

bs selected irom detonation dau. btplouiwn with high d nation

RAD -

Foro0ibies il denaliles are pieleried, UOf Wie exidting expiosives
(omposition B 1s good, ut improvement is possible by going to a higher
RNX oontant cyolotol or &n ootol (HMA/TNT). Up to 20 perosnt increaw
in penetrations over Coposition B can ha realized by the proper sub-
atitation.

The effect of explosive distribution muy he explained qualitatively
and in soms instances quantitatively., OGemwral rales for optimising
the explosive disiritution are not available tut there is a considirable
experimental haockground to gnide further designs, The method of
indsiation La important, Improvements may b= rexlised in shifting from
the standad point initiation system, Bu® such a shift wust be made with
osution.

The protlem of charge preparatioh wust also be considezred cnrefully
i maximm upiform performance is to he achisved, The mﬁuM
for producing cast charges glwe reasonable uniformity and um
nan be improved at laast for experimental charges, m
improved charge preparation will Lelp perforaance or wﬂ. rqrodnu-
bility is 2ot knowm. It may be maall. The use of prnua chargss sheuld
be considered ainns it ia #ible to obtain density and unifermity com-
parable to cast oharges. sein? permits uny of high performancs ex-
plosives that sxw not castable,

Charge imperfootions resulting irom the prapsyetion techaniques heve
bean diacusesd in detail, Marr of the remulis are inconclusive. Loeal
irregularities i the region of tho liner are undesirsble and comtritute
to lask of reproducibility in psnetrations. Unifcerm distsidution of
v#ry MAll tubbles raduces tha myarall dansity of the charge, [Herrever,
thia may huve only a wuall in{ivenos o general performance.
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CHAPTER vI
FUZES ¥OR SHAPED.CHARGE MISSILES

J» Rabinow and Wm. Piper

National Bureau of Standards
"’A.hmm’ Do Ce

datroduetion

This chapter 18 concsriizd with contact fuses for shapedecharge
projeatilas. While experiments have Lmen conducted with proximity fuses
for mich applicaticns, and the fuses have proved particularly suitable
for the very lurge rourds, at the present writing it sppears that the
obmplexity :nl expinse of a praximity fuse for rounds ssaller than 8-
inch in disameter i) wurranted only in special =2awsen,

A fuse for a shuped-charges round has rome elements in common with
other types of fusss, ond some features which are unique., A ifumn, in
isneral, consiaste of twe essential elsments which ara somewhat mutualiy
oontndiotory. It must possess & safaty mystem that kasps tha fuze
et under 4ll conveivable conditions unitil sueh time as it is con~-
sidered Lo Lo &b & asls dlsissnis fom the launcler, and then the fuse
mst execete & technical somersault sad become a very sensitive and
lethal davica, In aomo of the simpler fuses these two separate [funations
are so interminglsd that the distinetiom ie sometimes lost., In the
more sophisticatod fusew this distinotion between the O.rhgrr argd the
Atning fystem 19 very marind and, particularly in devicas Ake the
praximity fuse and the fuses for miided miseiles, theve two cagporsnta
oons ‘st aof separate snd distinot physical entities.

Becmse of sponial rugaivements in dexigning a fuse for a high-
valooity shapsd~nharse round, the triggering ard the safoty davices are
saparate devices., In come of the fumas which have been and are being
designed for low-velocity rounde, however, the phynical separation i»
not well defined, The rassme for this will bs wypleined in detail below.

Ssparal Requ\rimeuts

Beciume it sbaped~chargs syplozion muat be initisted from the
basa of tha round, the main detomator's leocstion is ismediately fixed.

In lovaddng ihe target-sensing eioment, Dowever, e desigwi haé some
Intitudo. Tt muy be well to consider ® dirficult case first, A HOms
fine-slabilised gn-fised projectile may travel ut 2 velocity of sozs
2500 fest per second, The diatance from the nose of the roumd to tha
location of the detonator is spproximstely 1 1/2 feet. This means that
if the round 18 to be datonsted = very short tims aftear the nose coatects
the targst (the time being limited arbitrarily by ths requirement that

the nusw mush collapse not more than 1/4 insh Lefore the initistion of
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sxriosion), the following requirements of time exisi: The initiation
mst be started in § microseconds, Lecanss that la ctne time required
for the shell to travel 1/4 inch. If tha detonator requires 6 mioro-
saconds to d' tonate alfter reasiving the signal, it fellows that the
information must travel ifrom the tip of the shell to the datonster in
2 microssconds, Thir imnediately rules out any mechanical means of
tranmitting the information from the frant to the base of the shell,
and it 18 beocause of this consideration that an eleotrical system weas
adapted for the T2uf fuwe which will be desoribed lstsr,

In the case of a subnonic round such as the 3-1/2-inch rocket
grenade s, even better, the T37 rifle grenade, the requirements for
speed of initiaitinn of gho explosion are far less stringent. A rifle
grenade travels at same 150 feet per second, Again, if one permits the
round to deform & 1/h inch before setting off the high-sxplosive charge,
the tise avallable is 1LUC mioroseconds, and & mechanical transaission of
information fram the nose to the reay alement besomes at least thaorati-
cally ponsidbles Two general methods are employed o provide mechaniocal
tranmmissiont One is the so-called "spit=back® fuse wherw a mmall
shaped-chargs axplosive in the nose of the round is initintec by a
peroussion primer and fires 2 job Dackwards through a passage provided
41 the main ci.arge into a base booster, {iince the welocity of much a
mall jet is very high, this providas an uwxiivémely rapid method of
ranmitting the trigger action fram the frunt to the xear. Another
spproach need in rocket grenades is to have an inertis v..ght leocatad
at tha bage of {lw round, When the round oontasta a targel it de=
cslrraies, the inertia weight slides forward and fires a percusiion
cep. The disadvantajpe of this type of fuse is that it is inherantly
slow and that the shell is required to have a very rigid noww seotion
so ;u to prevint oollapse while the fuse ls going through itas trdiggering
aynle, .

In order to fuse a high-velooity round, soveral slectrical mothods
have boex irled. Ooe 48 to use a power supply mch as & battery, a
suitoh in the nose (which may bs & siaple deubls shell), and a detonatx
at the base with an appropriate amming system., The secowd, which is
really a modifionticn of the firat, 1z to uwse A source of eiecirical
energy which is inert until firing, such 2s a aimple impulse generator
that charger a aapacitor on firing. This capacitor can b8 made to hold
its charge for the duration of the flight of the projectils and can be
discharged by a switch as in the previous case, This last approsch was
usad in tha firmt model of tha T208 but wam shandonsd in faver of 4
almelitaite of the plezoelecicris generator. A third posainie elestrical
anthod 18 f0 uge = gererator located in the nose of the arajactile
which 1s enargised by Uhs impacit with the targat; silther an alectro-
mrgaetic or an elsctroatatic device can ba usad,
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Driving a .mall magnet through & coll car be made to gensrate
anough snargy to fire a dstonstor. This has bssn trisd but there are
oertain difficulties in actuating such a device at various angles of
impast and aiso keeping it =mali enough to be put into the ness of &
chell and not interfere with the formation of the Jet, Th. mathod now
being employed in ssveral fusse makss uss of hs plswoveleciric effect
of & barium titanate elemsnt. The barium titenste orvsial as used
in this fusing system has been given the coded tarminology of “Lucky"
fuze and shonld be 30 referred io whenevar possible. Figure 1 ahows
tbe generai arrang-usni of such a fuse,

A mall disk of this material, spproximately 1/16 inch thick and
3/8 inch in dismeter, is located at the for-rard end of the round.
The disk is silvered on both sides, and electrical connections are
brougit out from the two silvered surfaces, One sids of the disk isx
usually "grounded®, and a wire lesd is brought from the other aurface
through a suitable amming switch to the detomator. In the high-welocity
rounds, a rubbsr cushinn 1s placed between the barium titanats disk
and the metal ogive of ihe rrojectile. This is dons so thet rough
handling will not break tae orystal. The rubbsr, hiwever, transmits
‘high~velocity shocks with very little attemuation, so that upon contact
with the target it acts as a3 solid and the bariwm titanate diek is
subjectcd to a large and sudden compressive force. When subjected to
shock largs enough to crush the elsment, such disks deliver as much as
1200 volta on open circuit and will fire a nominal 1000-erg detonsator
within 10 microsecoads. Because they are essentially high-impadance
devices, barimm titanate generatcrs ars generally used in conjunctiom
with carbon bridge detonators,

Becsuss of the simplicity of such a fuse, this system is zlszo
being used in the T2030 for 3-1/2-inch rocket, T205; the T22} for the
Tomm recoilless round, T188; the T2028 fuse for the high velocity rocket,
T2017; and the 7101l fuse for the T37 rifle grenadu. Expsrimsnts are
=cr under way with low velcolty rcunds, with the intention of locating
ths barimm titanate element at ths base of the projectile, in the some
package with the aming systen and tho detonator, and to transmit a
nechsnical shock to it throvgh the body of the projectile., &s statsd
previously, this is possible where sufficient time after iapact ia
avaiishle,

Arming Systems

The arming zystems for the sheped-chargs mounds can be of many
tynes acosptanla for other high-dwmlogiwe wouwmds. Bare ridiss pims,

W il oLheT exilernally opearated dovicss may be used, ZExternal
trical systeme con be commecctsd ¢o the fuse, air pressure dovices
ay be coployes; ¢ ic. The sysiss generally being adopisd at the
present. time make-uss of zcceleration of the round in such a mennewv

fhet eraing yill occur only at somé time after the rownd has veached
s nvadatsrined minimm walocity and, if vemicsd, eftay s goooific
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sdditicnal time hae clapred after firing. Since hermetic mealing of the
fuse i’ alwayn ceslrable, the use of acceleration i1s particulariy
attractive since this is thw only effect that can cporate in o compleiely

gealed systeme. The specific mothoed that is used i8 to intagrate acselera-

tion over a cortain time so as to distinguish botween proper firing and
acoidental acewleration such am shock in handling, and particulexrly in
accidental dropping of the round,

A typical mcoeleration device is shown schematically in Figure 2.

IL conminve of sewewad mav-back wsights held fomiard Uy aprings amd Wo
arfrunged that they must move back in seqience. The dovice |3 fuxrther
80 arrangsd ‘hat if only some of the weights have maved back under the
action of acneleration, and the scocelsration ceases, thsy all return
forward so that the fuse canmmot remain partially armed. Tho restrring
springs also serve to increase safety bacause thsy set the threshold
acovleration that is required before Lhe elemsnts will respcnd at all,
Detailn of sane of the aming systeme will be desoribed under the
sppropriate fuse heading. An out-ufeline detonator is universally
employnd bacsuse it is generally considered that detonators are lesa
stalfle than other components of the explosive system, The svidenos
tshat viectria detonators are, in themselves, dangerocus is very scanty.
T writer knows of no care wherw an slegirical detonator was exploded
x. manna other ‘“han applied electrical ensrgy. This dows mot mean

t heat due to a fire ooitld not fire a delonator, hut because the
detonator is nomally surrounded by high esplosive, it is doubtful that
this pressnts any s:dditional hagard over ihat generally ocbtained when
high=explosive thells ave mubjected %0 a fire. The eleotrical detomators,
as used in shaped-charge rounds, nmeed not be of the very sensitive type.
“hin uhonid make thww safer vo handls thar othera of that geasral olass

Tha above remarks relative to alact»ie detonuturs should be comw
8iderably qualified ir the case of sertaln rounds, Tn pewwva) ghaped-
charge fuses, grase action 19 achizved by ¢ mechanical stab-primer whick

lodes & velay of iesd anide which, irn turn, szplodas the maln electri-
cal datonntor, Because cf ithe sensliivity of sach an arrangemant, cute
af~llie mecianisns wre requived, It ie also possidla that high-velocitiy
impact will funotion an electiio detonator, In ‘the fiwld, therefors,
Ught-wall ssunition nay bs seriously Jeopardizsd by stray fragments.
Tais may mot bs true in the case of rounds with very thick walls, iw
whioh the detomator is smply protectsd Srom any frageents but those of
the higheat wvelocitias,

A simple method of obtaining bouh sleatrical and mpconanicel, aming
iz to placs tha detonator into a movebie member such as a small cylimder,
Then, with a single motlon, it is possibic to sliga the datcmator with
the rest of ths +zplaenlrss train and at the same time to ¢loess the
eleotrical oircuits. In the "safe” position, the detonator can bs shurt-
eircuited or left unconnected. It hes been atataed that it wonid be
deairables to kmern the dstonaiesr short-circulted whem in the "gafs?
position. The writers are of the cpinion that if the fuse ia2 ccntained
im 2 metsi cepe, this is 2 supertluous requiremeni bedause thers i1s ko
possible way in which an elsctroatatio charge, dus to extervii causes,
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can by accumulated inside a completely shislded snzlesura. It 18 camuned,
of course, that the alactriocal sming sysiem is adeuate to prevent
galvanic currents, or pléiceleutric currsnis dus {o set-back, from reach-
ing the detonator.

Specific Fuses
I208

This is one nf the sarly niescalactrioc fuses. Iz the originsl
model, an impulse-generator-capacitor system was employed., A photograph
and achematic of the origimal version are shown in Figures 3 and 3a, The
¢onerator condiate of a coil approximately 1 inch in diameter and 3/8 inch
thiok, wourd with very fine wire, An alnico magnet, 3/0 inch in dimmater
and 1/2 duch long, is placed inside the coil, On set-baock, & multi-
siemsnt device reloases the magnet, which moves rupidly oui of the ooil,
™is produces a high~voltage pulsu that charges a capacitor. o prevent
the cspacitor fiom subssquently discharging back through tba coil, a
briaker svitoh i mounted in path of the alnico magnet o that e
charaing cdwroult i timed to ope.. just after the capavitor has baen fully
charged. The capacitor then holds ite charge until impaci, at which timn
the double-wal) acss "switeh' discharges tha cupacitor tiwmgh the deton.
ator. Although the very firat fuse of this type worked, (ubssquent tests
were axtremely usatisfactory and the fuse waa abandoned ltecause of its
velative complaxity as compared with the barium titanate design,

A photograph uf tha components of the bhariuwx titanate T206 Fawe
is shoem 4n Pigore L. This is the larest model, designated T20887,
The safety of the fusas in Lawid on L thraa-lead set-back devicn
sbowa in Figare La. The laaves are mado of alundimm for lAghtnesd
bacause of the vory high ucceleraiion of e round, aml are interlooked
by small stesl pins, which oan be ssen in the photographu, EBach leal
48 held in 4ite forward position ty a small spring, and the weight of
each leaf ar.d spring oambination is such that a set~back foroe of
L,000 g ix raquired for the leaves to move back, Tha third leaf of the
Bexles Talsases the arming rotor that carvies the dsvomator, Friotion
baiwben the rotor and housing prevents it from turdug watll eetbaok
dxops o about 100 g. This assures bore-saiety, Without any addltional
delay mechanism, the rotor turne in about § millisscomls and therefore
arms ths round ]’.5 feot from the mussle of the gin {in the 2800 fps TOB
round). By the addition of a small flutter mechanimm, the rotor ocan be
delayed =0 that ths cound arme at 25 feet from the mussle in a L000-{ps
Toumi, Thisd is the loweat velooity contempleted for this fume.

OUne micde of the detonator im grounded ¢ ihw cvotar; vhe viner is
brought out to s contach spring which; upon arming, makes contact to &
stationary serminal:. This tarminal is comnscted to the barium titanate
nows elemont. The fuze is contained within a heavy =mtsel wa’l o oonfine
the dstonator bLlast Af it should explods in Wi outeof=line poBliticils
A dmall thimned-out zection of ths barrier plate separates the detonator
from the bosster and couples the sxplogive elemsnta in the in~lins
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podition. O=lginally a pellet of tetryl was placad in this dapressicn,
bat sabtsecuantly the unit has Lesa modifled by making s throvgh hole in
the barrior plate and later pressing in a gllding-metal lowd cup. The
fuse-triggering eloment is & disk of Larium titamats, 3/8 inch in
disnetsr snd spproximately 1/16 inch thick. IV is mounted as showm in
Fipre 5. A oap of rubber or siailar material ie placed over the Leriwa
titanate in such a way az to £ill the space betwsan it and the ogive,

A flwinls strip of sstal is pushed through the rubber so as to form the
olsntrical conmeoticn between the top surface of the barima titanate
wd ¢his ogive. Tiw rvbber rovides ths (CiSrRacT Lwmup Le aessiudy
und serves to protect the barium titanate clement im rmugh hamdling of
e round, At high~velocily impact with a target, howver, thn rubber
acts tzo:isld sleament and tramsmits impact without substantial
attemua .

™he lover surface of the Ilunky rests om the inmer, inmulated, core
viioh serves both as a syport and as part of the eleoctrinal circuit,
in jumlated wire is commected to0 ths bottom of this come snd passes
through & metal ocondult whioh is wigidly attached to the iraer surface
of the explosive cavity, This wire terminates at a conneofiion om thw
bass elewment. Omz of the difficulties oncountersad in providing s
slattrical comwection from the froat to the baok of the round wau that
the high vaise of aconleration made & magiewire commcotion difiieult
0 sbhleve, A rather strong wliv, mede of 7 #20 AWO phrands of Aloom
528 and covered with 0,010 inmoh nylonm imsulatiom, was fimally devaloped
and, by the use of the immsr coms as part of tho olrouit, was kmpt as
short o8 peasidle,

This fuie has given excellest performance in prelim. tarts
and at the pressat writing is in initial stuges of large-scals pro-
duction, Figire 6 showe severel pequanes phatzgrzoha of ths 90w
TI08 reund squipped with the 1200 fuse Lpuwoting againyt S=imoh armar
platy, ‘Be photograpld were taken at spproximately 8,000 fraz:s per
senma sa that the welooity of the round, ¢ha time for fura fumadion,
and the velooity of the penetration of the Jet can Yo sstimated. The
fane workm satisfactorily up to anglem of impact of 659,

A grase action af ihis yousd is mow (surly 1953) in tho provess
of bedngs dsveloped and will by added to tha production fuse im the
mear fu o It comaistr of k weighied wise attuched to a firing rin,
(e Piizrs 7) Om dwpaoy the imartia drives the firing pin into &
siab~sensitive primer: The primer, in turn, imltistes = fline-sensitive
liapee of lend pside. The lewdl isnids relay cxpladles the elsctrical

e ame G sy 8 afn How Aunems Suane abhf ~med hla esneed e dwedhdo waad dod 4o
T W U U RIJLWN] LF§ LAATE LMALMILIKINE MUS A WiURds AL AEKKA UIR SELyiiw e

rostraingd Irom Aoving untll the roior noves $o the in-line positioa.
A mill coapressicm spring kzepn the inertis waight from creeping
foweard Guring Tiigat, and time roduess the kinetio ensrgy whish the
moving welght develops durlug the degslaration dme to a grase impact,
Alteraaiely, the lasi azide relamy can bs replaced by a barium titanate
exyatel which, scsnvessed by the primer gazes, producas sn slecizical
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pulse that can fire the mailn datonator.
M

The MYO). bazooka fuwze La typloai of the bore~riding-pin armilag,
mechanical=irariin fure. It i shown diagramatically in Figure B,
The bore-riding pin 18 held in place by an inertia weight whon the
rourd is in the luuncher. pon firing, ihe inertia welght relessss
the pin, whioh ie then prevented from leiwving the round by the wall
nf tha imnshas, Am the peind lsaves the tuhe  the pin iw alentad
sideweys by a spring, and the fure is armed immadiately after this.
Upen iepact with the target, tho reond in develerated, and the
inertia mass moves the percussion pin forward, fires the detonator,
and thue initistec iiw explosion. The inertia weight in not fastened
to the firdng pin, but acts through u third-olass lever syaten,
maltiplying the motion sc that 1 motion inoromsnt of weight causes
atout 8§ motlon incrsments of the firing pin,

Ruses of this general type have saveral inherent disadvantages.
One 1is that there is no appreciabls safety dulxy after f{iring; hence,
contact with camouflage oy the branches of a tree can csuse an early
funotion. The bore=riding pin, being an extervaliy operated deviow,
prevents the complete hermetic serling of tho fusa and wvhile rubber
gaskated caps are employed in shipment, mnisture, ice and ocorrosion
have to ba contimually fought in much dosigas. ﬁh typs of fuse
also suffers from the disadvantage that 1t ia very dUfficult to make
it operate properly upon greaing Lmpact. Yigura 9 shows what happens
when ruch a round impacis vexry obliquely against the target.
foros of daceleration under such coanditions hag a large omavonent at
*ight angles to the axin of the round, and under certain conditioma
the friocticnal force fuué iw i side acoslaration) is suffioient
to trevent the welght from sliding forward, This is also a diffioulty
sncountered in providing grase acticn in olactrical fuses, Saveral
wathods of ninimising this frbiion have been tested. One is to use
one or two ntoel balle in place of the sliding welght, as shown in
Figure 10a, Another is t. provide a linear ball-bearing as shown
in Figure 10b; £4411 another is the vammed-rod type showm In Figura 10n,
Such schemem, uhile wadueing tha frictiional forema nn tha inertia
weight, also inoreasa the complexity and cost of the round.

The greateat disadwantaga of an inertia-velght mechanical fuze,
howsvar, in Ats slow action. A2mms, for oxampls, that the waight
han to move C.1 inch to funoticw the primerj tho nose section has
{1z » 4ypleal sazs) an snenosimete stnoneth dn ccsmramaion of K00
pounday the grenade welgins 5 pounds and has a veluuliy of 200 fpe.
This means that on impact the shell decelsrates at 100 g, or 3200 fp».
Tha inertia weight, then, moves forward through the 0,1 inch in
0.0023 sesond., The shell is therefore datonated after tha nose has
crushed about 5 inches. This roupgh camputation sssuass that UWis
velocity of thy shall enffers negligible raduction during the impact.
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_ An electrical fuse, the T2030, for this 3 1/2-inch rocket, is
being developed (see photograph,  Figure 11l,and 1la) It is similar
o the two slectrical fuses previously described except that the 2ot~
back weights are hesavier and move through larger anglas amd ars =um-
parted by relatively softer spriags, This is becmuse of the lower
value of acceleration encountered by this round. Originally, the- fuss
wvas specified to initiate arming between 300 and 400 g. Complets
srming was to take place betwoen 20 and 35 feet from the leuncher.
Work was undertalsn om an improved round which required relsase for

between 900 and 1200 g. The acoeleration period was shorter,

ssitating a reduction in the muzber of set~back leavez, Once
set=back leaves 1vlesse the rotor, and t®w acoeleratiorn drops to

s the rotor is restrained by a system. The delay is pro-

a starvheel and oscillating-pallet fluttier mechanism which

is geared the rotor.

to

The lucky element is hemispherical so as to present a larger
srea at the point of impact and to align the mode of polarisation
nost favorably to the impact stress. gbuquonuy, hovever, further
study and tests reveal that s suitably mounted flat disk may be
superior, since the ratio of strained area to total area at impact
may be larger than in the correspomiing aemispherical uymis. The

. unstrained part of a lucky doss not contritute any energy to the

» sxterzsil circuit amd behaves as a cmpacitive amat, reducing the

energy availatle to the detomator. The cost of the flat unit appears

to be abaut 1/10 that of a carresponding hemispheiical unit, making

it particularly attraciive,

et

E

&

The grase element which is being conaidered at the present

writing is essent of the imertia type, with two variations
(See Figures 1 and lia). Variation Number 1 is simply & eliding
weighted firing pin, free to strike a primer when the round is
decelerated, Varistion Number 2 is similarly a weighted firing pin
tut resting cm ¢ cammed surface so that the force normal to the axis

- of the round due to & glancing impact can aesist in moving the firing
pin into the primer. Because of space csnziderations it was necessary
to logate the primer back-to-back with the deiomator. A lomgitudinal
blow=hole aiong the primer and detomator directs the primer flzz.: to
the lsud aside relsy located at the mosi sensitive spot of the detomate.
This eatire zssembly could be replaced Ly & combination detomator, were
one available. As yei, however, there are only experimental layouts
of such sam item.

TSR N b a Mo e

At ihe presemt writisg, this fuse has passed ita laboratory tests
but will sot be put into preduction until work on the shaped charge
head ir ocompleted and service basrd tests can be run.
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For the T184, S7mm fin-stabilized round to he fired from 2
recoilless rifle, a fuze very similar to the T208 has heen developed.
Because of space considerations, the base element is of smaliler diameter
and somewhat longer. Again a multiple-element set-buck device is used
as the 3afety, but in this case the set-back leaves are arranged in a
single plane, as can be seen in Figures 12 and 12a. It is believed that
this leal arrangeasnt 1s supsrior o ihe ones previously descrived in
that no inte_locking pins are employed, the angles through which the
leaves rotate are greater, and visible inspection of the assembly 1s
much easisr,

In the matter of thm electrical connection, however, a radical
departure from the wiring system of the T208 is being tested. {See
Figure 13). The copper liner is made with a flash tube and mountsd
830 as to be insulated from the body of the round. Together with the
inner cons supporting the lucky, it provides the electrical connectlon
between the barium titanate and the fuge. The fuze 18 provided with
a special terminal which plugs directly into the flash tube so that
no other wiring is required in assembling the round and a very efficient
essembling procedure is theiefore provided. It is hoped that a similar
change will eventually be incorporated intu the T108 round as well.

The Zeneral specifications for the T22L fuze are as follows:
The nominal accelsration of ths round is 12,000 g; the fuze must releazs
for arming at 4,000 g and arm not less than 25 feet from the muazle,
and must funotion at all angles of incidenco up to 65°. It is also
being provided with a grase action.

no-n (8

This 412 a fuze desirmed for a low velocity round; the T37 rifle
gcenade (Sae Figure 16). fccelerations encountersd by the fuze average
1200 g for 4 milliseconds and the final velocity of ths round is about
150 feet per second., The fuze, showm in Figure 15, is similar to the
other electrical fuzes previously described, with the appropriate set-
back weights causing its arming, A wide varisiy of graze mechanisms
have been proposed and tried for this round. Thus far most of them
have failed tn function the round consistently on the first impact,
particularly when hits are mads cn soft sarth with very little obliguity.
This may be unrepresentative of servics conditions, but iu an excellent
ravoratory goal., YThe design thet is most promising uses a spring-
loaded firing pin that is iriggersd by an interia=gparated member,

The enepgy nacessary to fire the primer then can be predetermined, and
the graza system can be made as gensitive azs dezired., Initially, it
was intended to include delayed arming end a graze mechanism in the
fuze. Howsver, due te the nrgent requirsments for an armer-piercing
ronivi of thiz type, ii was declded {0 r1eleasc ths basic fuze first

ard than provs out the additional {eatures for incorporation in the
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fuze at a later date. Because of the very low velocity of ths round,
and the requirement for proper functioning at large angles of incidence,
the rubber protective shield has been removed from the lucky and a
rather large iucky is being used. The fuze performed well in the
initial tests and is, at the present writing, golng into large scale
production,

Footnote

Barium titanate (Ba'no ) is a hard, light-colored polycrystalline

substance which looks very much like china. The cumposition vhich has
found greatest use in fuzes contains lead titanate in controlled smounts
for improved high-temperature performance. Its dielectric constant

of approximately 1500 is somewhat lower than the material used for
ceramic capacitorr., It is prepared for use by mixing the component
powders and pressing them, while sligntly moist, into the desiirecd shape.
The green units are fired in a furnsce Jat about 100°C., A silver
paint 13 applied and fired at about 690°C to form tne electrodes. The
units are then made piezoslectric or polarized by applying a high d-c
voltage. Voltapges of 70 to 80 volts per mil of thickness are used and
ths unit is immersed about a half-hour in an insulating liquid to pre-
vent sparkover and corona. The units are then ready for use and .emain
active permanently as far as can be ascertained, dsteriorating only
with temperature in excess of the Curie point, which is about 120°C.

The application of a stress produces a potential difference between

the electrodes. If a load is connected, current will flow and produce
electrical energy. The following general equations relate the energy,
voltage, and physical characteristics of the material,

Voltage output, V = 2.2P t where V = volts, P = pressure in psi,
t = thickness in inches;

Energy = 1.1 x 107282, % ,
E = energy in ergs,
F = force in pounds,

A = area in sq. in.*

#Data from Franklin Institute Report 6-16-51, 7-15-51, p. 2247-k.
Information compiled from Properties of Piezoslectric Barium Titanate
Ceramics issued by Erie Resistor Corp., and article Journal Acoustical
Society of America, Vclume 24, No. 6, p. 709, Nov. 1952, Electro-
mechanical Properties of BaTiO3 by Brush Development Company.
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Because of the low velocities of the rifle grenade and the
3 1/2-inch rocket grenade, experimenis are being made wiik a view
to the reloc. tion of lucky to the rear of the round. It should be
possible (theuretically, at least) to transmit a mechanical shock
through these rounds fast enough to detonate the rounds befors the
nose is sppreciably crushed. The relatively weak ogive in the case
of both the rocket grenade and the rifle grenade is such that this
is somewhat difficult to accompliih., However, preliminary tests
using a fairly rugged structure are encouraginge. By mounting a
barinm titanate crystal in the base element, backed by an appreciable
mass of metal, it appears possible to generate enough current to
detonats the fuse by a transmitted mechanical shock, If this arrange-
ment proves to be practicable, it would make possiblé a single compact
assembly of the entire fuze with the concomitant advantages of com-
plete sealing, simple pac%iging, and simple assembly into the round,
It is interesting to note that the T37 grenade itself was develcped
in conjunction with the fuzo and has special features of assembly
and construction for the support of the lucky and of the base
element., This tendency to parallel and integrate the development
of the round and the fusze is, in the writers' opinion, highly desir-
able and should be encouraged. Too often in the past the fuge designer
has veen confronted with an existing round which is far fram optimum
from the over-all engineering point of viesw, and has, therefore, been
handicapped by inadequate space, pocr location, or fastening means.
Intelligent compromise between the vehicle and fuze parameters should
alwvays result in a more sourdly engineered and intsgrated weapon.

FIELDS FOF. FUTURE WORK

"One Piece" Fusges

There is 1little question that a single campact unit fuze would
be most desirable for the shaped-charge rounds, Many of the ordinary
fuses were made as a single package and depend on the deceleraticn
of the round for actuation, For reasons stated previously, such
fuses were generally too slow for modern weapons. 4 promising fleld
of work, therefcre, is in the development of high-speed fuaes which
can be mounted at the base of the round and which will be actuated
by nose contact with the target. Experiments conducted at NBS and
slzavhsre indicate that if a sufficlently sensitive fuze is desirmed,
the mechanical shockwave produced by contact with the target can be
employed for triggering. Unfortunately, there are many difficulties
in this approach. If the ogive wall i1s thin; the amplitude of ths
shock is quite low, and it is difficult to derive enough energy from

ths resultant pulss &6 cpr-stis s siplde fuze. Hosvler and mors rigld

ogives are one possible sroluticn, tut ...y have the limitation of
adding unnecesasary weight to the round. Hore sensitive fuzea can be
huilt, but they require much more sen=itive detonators, and the best
detonat@re, presently avallable are probahly not sozd encugh, Electronic
amplification, particularly with the use of transistors and very small
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batteries, may be worthwhile, particularly in the larger rounds. In
any case, the problem of triggering a base fuze by nose contact at very
high speeds should bte worked on intensively.,

Fuges with Long Standoff{s ~

Because certain charges in combination with certain liners appear
to give improved performance with very long standoffs, there is =z
fruitful field of work in fuzing for this application. In the case of
bambs and other very large projectiles, VT fuzing is entirely possible
and has been the subject o1 experimentation. While no fuzes are now
completely engineered for this service, there is no doubt that fuze
functioning can be obtained for any standoff from a few inches to
many feet with fairly good accuracy, and if long standoffs prove to
have the anticipated advantages, this should be a fruitful field of
work. Other methods of obtaining long standoffs, such as extension
probes, leader projectiles, and bouncing mechanisms, are at least
theoretically possible,

Hand n.nd[or Rifle Grenades

It is conceivable that shaped charges could be effectively applied
to hand-thrown grenades. This would mean that special fuzing designed
particularly for very low velocity impact would have to be developed.
The experience with fragmentation hand grenades would, of cnurse, be
applicabls here except that all-way fuzing may not te required because
the shaped-charge grenade must necessarily be oriented at the time of

macto

The National Bureau of Standards is now experimenting with a com=
bination rifle and hand grenade, While this grenade is not now designed
for shaped-charge work, it would be fairly easy to modify it for this
purpose, and it may serve as a starting point for the development of
armor-piercing hand grenades, The fuze is of a 3simple inertia-weight
vypé and should be entirely satisfactory because of the low -elocity
of the round.

Detonator Research

The study of initiators is of particular importance
problem of fuzing for shaped-charge rcunds. In the write. pinion,
the present knowledge on detonat.rs is ffar fram sufficient .ithough
very rapid strides are being made to fill in the gaps. The design of ine
preper detonators i3 quite archaic, and a great deal of work is
obvicu=ly indicated in simplifying, miniaturing, and reducing the cos%
of electrical detonators suitable for the mass production of shaped-
chargs fuzas. The present sluctric detonators; or initiators, are a
uirow-hack to the blasting caps uscd in industry, »nd ithoir 2zzign is
eguch that the cost is 5 to 10 times as high as it should be. New
detonaters, designed specifically for automatie production, for

”’
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machine insertion into fuzes, for automatic connection to the circuitry,
etc., should be developed.

The business of connecting a detosnator into a circuit by bending
two pleces of wire, tightening them under screwhcads, or soldering them
in place, is indefensible. A very appreciakble saving in the cost,
safety, and over-all elegance of a fuze can be achieved by radical re-
design of electrical initiators. This work would also be very profitable
not only to the shaped-charge field btut to the field of VT fuzes, mines,
bomb fuzes, and all ordnance where electrical initiation is cmployed.

Another important field of work that should be pursued is the
investigation of the safety of electric {fuzing. The arguments for usirg
in-line and out-of-line detonators should be carefully reviewed. Con-
siderations of safety against fire, shock, and accidental appiication
of electrical energy, should be investigated without the bias that is
present in the field today due to greater experience with mechanical
initiators, Because many shaped-charge fuzes are buried incide the
axplosive cavity of a round, safety from fire may be easier to achieve
than in other fuzes, It is, perhaps, possible to design electrical
detonators which are as safe from shock as the main charge. If this
is so, requirements for cut-of-line detonation may be eliminated., If
very large amounts of electrical energy are available on impact, such
a8 is the case in certain lucky fuzes, the usual danpers with sensitive
detonators may not exist. In any case, the requirements for a safety
mechanism should always be examined so as to produce the best over-all
fuze from the point of view of dependability as well as safety. This is
particularly true in close-support weanons, such as a prenade round
where 2 dud is much more serious to the usinr rorsonnel than would be
the equivalent condition in bombs drommed fram aircraft. Also,the
large quantities in which such fuzes re built nake econoades imperative.
This may be particularly serious in the case of a major war when many
of our facilities will probably be destroyed.

Production Engineering

Since "crash" programs are the normal mode of oxistence in the
development work on new fuzes, relativcly little opportunity exists
for modifying, aimplifying, or reducing the cost of fuzes for sharsd-
charge rounds, Too oftan, the first fuze that works conds up by being
the production model. This is quite different froa the conditions that
obtain in Industry, where basic desicns are little medified over a
period of years, and a great deal of offort roes into simplifying and
reducing the cost of the production items. Effcrts t~ simplify and
improve existing fuzes are, of coursa; always being made, but it is
the writers' opinjon that the intensity of such efforts should be
increased and that definite dollar or cents goals be sst up in the
redesign of existing fuzes. Perhaps contracts or special prizes could
be awarded to industry for submitting the best redesigns of fuzes for
production. If it is possinle for suvppliers of the automobLile industry
to engineer and produce a completa door-lock mechanism, a mechanism that
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would meet all military specificitions for corrosion resistanco,
vivration and shoek testo, for something like 90 cente, it should
certainly be posaitle for a shaped~tharge fuza to Lo produced for
less than one dollar, Mcdern methods of assembly should bwm
emphas.zed, togather with the avcidance, wherever poasible, of slow
operatlons sush &z lathe and millinger~chine vork.

It is difficult to understand why a present 1200 fuze costs
uimost as much as what tho industry pays for an electric atesm iron
wlich 48 constructed of aluminum, stainless steel and bukalite; which
is provided with an eloctrical heating element and an adjuastable themo=
stat; ond must withstand temporature snd corromion conditions far in
oaxcess of those required of the fuze, The argumenty that the military
specifications are far more stringent than those omployed by eivilian
induatry are, in the writers' opinlon, not borne out by the fusta,
This 1a not the place wiwrs the possilic reasuws for the high cost of
ordnancy should Lo discusnsed, but cortainly a contimial and thorwuph
inveatipation of the coat factors 49 iadicated.

THE ENEHOA RTFLE GR<NADE

The BEnorga rifle grenade is an anti-tank weapon provided for use
by infantry and othsr rifle-armed troops. It 13 primarily a “close-in*
wedpon, wsing a .73 1b., 3 luch dlametor conventional shaped charge.
Tho ovorall grenade ia 10 inches long, waighs L it, 7 oz, and has a
maximum range of 320 yards. {fip. 16).

The fuses umed with this (ranade smie the percuaalon type and are
known as “apitbaek" fuzen.  Figurs 17 shows a Modol L9 Mark 1 of the
fure dasigneu for direct action on impact and itgure 18 shows a Moded
L9 Mark 2 denipgned for direci and graze action on impact. On setback,
referring to Flgure L8 whi h appoars te bo the latest model, the arming
slocve ovarcomes the anming spring, frecing the uteel halls which hold
the striker away from the dotonator. The striker 48 then held off the
detonator by the striker snring caly, Upon impact, the striker is
cdriven into the detonater which [ires and “spita" tack a flash to the
main cdeatonator at the base of the grenade body through a central tube.
The main dotonator initintes tha booater nellet, which in turn detonnten
the main HE filling. The striker head is of tungsten carbide and had
a jagred edge which i3 claimed to dig into arncr and function the fuie
at angles up to 65°. On graze, if tho striker is nct contascted, deceler-
ation of grenade body end fuze housing causes the detonrtor and mtriker
fuide assembly to sei forward and function the detonatar. The model
shown in Figure 17 cperates similarly to that in Figuru 18, but the sot-
forward force dua %o impaci causes Lhe Jdebopator assembly e movs and

strike the firing pins

An additional safety device is incorporated inie ihe basve of the
grenade body. The shroud, shovm in Figmre 19, is assembled into the
prenads body betwesn the fuze and the main detonator., It fits over a
central wibs, and 15 leonted by ralsed studs which engore in zilg-2ag
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Greasd: ifle A/Tk. Na, 54 M. 2

Transit Cap

Internal Safety
Davice

Distance Plece

Tail Adapter ~

Tall Tube

Rubber Senling

'
Tail Flns Hing

" Rubber Pad

Steel Disc

L_._p—‘ Canrldge

’-—m—' Cork Plug

FIC. 14, Enarga rifle grenade with percuasion fuss
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Fuze percussion, D.A., No. L9 Mk. 1

hrond

Percussion fuav - direct action type
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Arming Sleeave

C.‘

Serrated Pin

Washer
Cap
Strikey

Steel Balls

Sivlker Spring
Striker Gulde

Aruning Spring
fiody

Wavheo
Detorator Holder

{leroni. tor

FIQ. 1~ Ferrunsion (use - direct and graza Act{on type
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CONFIGENTIAL

channels z.% in the central tulw. In the safs pesition the shroud is
held ty & spring which forces the studs to tho dead emd of the shorter
channel.. o seiback, the shroud mover rearward against ti:e spring and
oscillates ahbovt i%8 axis because of the stud engagsment with the
shorter zig-zag channul, This osecillation similar o the motion vi a
vhael and pallet ascapsment udds a time delay to the action of the force
and therefore prevents oporation on instantaneous shocke. Similarly
when the shroud reaches Lottom and sothack cemses, it is moved back by
the srring with a time delay controiled by the longer zig-vag path,
When 1% reachws the and of the track, there is no furiher constraint
and the spring ejecto it in2o the froal pedt of the body clearing the
hole for psssage of the none detonator “epit“,
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CHAPTER VTI
THE EFYECT OF ROTATION UPON SHAPED CHARGE JETS
Louils Zernow

Ballistic Research-laboratories
Aberdsen Proving Oround, Maryland

Historical Introduction

Although it was known bcfore 1940 (1) that spin stabilized shap-
charge projectiles gave much poorer penetration when firec, dynamically
than when fired statically, this was attributed for a long time to
improper fuze functioning. It was not until 1943 that it became arparent.-
almost simultaneously to the British (2) and the Germars (3) that this
deterioration was in fact attributable to rotation. This was verified
by both groups (4) (5) by mesans of static spinning exreriments.

In the United States, the Explosive Research Laboratory, and
CSHD, (6), (7), (&) took up the study of rotation after the British
experiments were reported. They confirmed the British results arnd ex~
tended the work to include experiments to evaluate methods of overcoming
and reducing the effects of rotation, Studiss of trumpets and hemi-
spheres were carried out by £,R.L. as well as the initial fluted liner
experiments,

Following the end of the war, study of the rotation problem was
continued by the group at the Carnegie Institute of Technology, In
addition tc C,I.T., the Firestone Tire and Rubber Company and the
Ballistic Researrh Laboratories are the other two groups of investigrators
now putting sizeable efforts into the study of the effects of rotation.

The physical effects of rotation were found by the early investi-
rators to consist generally of a "spreading" of the jet observed opticallr
by the Germans (9) usins multiple Kerr Cell photography and by the British
(10) who fired rotated charges vertically at night, Clark and Fleming (11)
were the firnt to study the effects of rotation by means of flash radic-
eranhic observations. ihelr radiographs of jets from rotated cones and
iremispl.eres confirmed that the physical effects of rotation were dispersion
and frasmentation of the jet.

Tn 1951 the develeopment at the Ballistic Research Latoratories, of
the wire driven rotator (12) and the application of improwed flash radio-
graphic lgchnimes to 105mm charges (13) made possible the siudy of the
effects of rotation on a scale large enough to show details of the
physical effects of rotation upon the jet., It becamc clear at that time
that the detsrioration of a copper jet could be followsd through several
distinct stares aa rotational [requency was increased. fThe ovidence at
that time was, however, bascd orn gingle x-ray exposures. Since then the
development of a trinlo~flash X-ray svstem (14) for studying jets from
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FIG. 1. Radiograph of jat from 105mm copper liner, unrotated
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large rotatod charges has made poadsible an extension of the previcua
work which has further elarified the details of the deterioration
procean, The suquence of events as the rotational frequency increanes
is shown in Fipures 1, 2, 3, 4 which show the effects of increusing
rotation upon the jet from a 10Smm copper linar, The deterioration
procesy can bo broken dowm into the following distinct steps:

1. The jet which is namally continuous when unrotatsd, bsgina
to hraak up into separate pleces along itm langth,

2. As the rotational freuuenscy increasas, the cross asation of
the jet starts to deviate mora and more firom a uniform circular shaps
and shows evidence of deformwation into a ribhon-like structure.

3. There is Tinally a definite bifurcation or separatlon of tha
jet lito two essentially parallel jets with each jet broken inte
separste plecaa, When the difurcation first appears, generally the two
portions of tha hifurcated jet seam to lie in & planv of bifurcation,

Le Inoreasing rotational frequency causss the plane of hifurcation
to be dimtortad inte a helical surface.

The hifureation in ths jet appaars to he amsnciatad with a
pritiesl fraqancy whioh deperda on the calihar, Thus, bifurcations
have 1% been sesn in jetsa from 105mm charges rotated at 15 rpa, vhereas
all Juts frum 10Smm charges rotutsd at L5 rps show bifurcation as do
most jJots from 10Gmm oharges rotated at 30 rps.

The incidence nf bhifuvreation 18 clearly asscointed with the svespening
porddon of the peno.rution fall-off curves, (Figure %) Finally the plateau
ragion assoeiated with ths higheat spin {requencies indicatas that the
later modifications of the tifurzation process contritinte wery 1itlle to
further reduction in psnetration, It .am ariginally conjectured (15) what
* the original bifurcation way perhaps follcwad by bifurcation of each of

the new portions of the jet, This haa not been ruled out, but the obser-
vations on the target plata (2%) upon which thia wan \uné can &ls0 be
srplalnsd by the dintortion of tha plane of bifurczation into & helieal
suri’ace ,

Theory
It was pointad out. by Tuck in 1943 (2) that rotation could result

“n A melformed jat, Rotation of the liner would nanse any oliment, of
the collapeing lire: to mise the axls (Fipure 6) of the cone by an axount

2 "
@
el ¥
VO cos
f.o 1=°2
5This expresgicn would be more accurately written ~is m——. ,
afe Flgure O, v, con I E)
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VARIATION IN CROSS SECTION OF A DISC SHAPED
SYSTEM OF NON- INTERACTING PARTICLES STARTED
URDER INITIAL ROTATION AT w RADIANS PER SECORD,
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whers r' » the misg digtance W v,

T, " tha radial distancn of the liner

eleomont fran the axis of Lhe cone,

v, = the collapae velocity of the liner

alamant.,
v w tvhe semi-angle of tho cone.

« = the angular velocity of the liner in
cadians/second,

This would result in a hollow jet, This malformation could cause
A drastic deoreaso in penetration if ribecuome large enough. Thus on
this basis, Birkhoff (16) estimated that a 3" dia. liner would show
appreciable deterioration due to this malfomation at 100 rpa.

Birkhoff, using a diffsrent approach which neglects initial mal-
formation of the jet, hanr ostimated the doorease in the penetration from
& given clemwnt of a properiy formed jet due to the inurease in cross
sectionel ares reaulting from the expansion »f the jet due to rntatiem,
A very useful discunsion of Birkhaff's work han been given by Shofisld (1),
On ths assumption of a fluid jet rotating initinlly with an angular velocily
@ padiana/secord ho fiids that the cross gectienal arsa {of tho jet slemant)
will grow with time acoording uo the relation

2 2.2

n n
A w ke W ef e (s W),

where A initial oross sectional area of the jet,

At = opoati secllona) aiwy at time i,

Initlal radiue of jJet.

initial angnlar velocity in radians/second.

£
|

t = tlie in seconds from start of jet spread.

Tris realationahip is wlso valid for a disc shaped system of none
interacting part'.cle# and can readily bve derived from the construction in
Fienwa 7. The Liryesxfe in crsos nectlonal area 1s equivalent o a decrease
in the average donwsity »f the particular jei element. This remlts uccora-
ing to peanetration thecry, n a decreased penetration by that Jlet element,
since the penctrutior p 5 proportlional to Vﬁg. Theraforc, L' the length

of the element o jet is sssumed o be unaffecied hv the rctation lhen

v p_j— 18 proporticnal to —-»l-_, and

the penetration au tlns t will ba g
e
L “— p.‘
Py, v Ay ¢
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The elapsvd time t, measured from the formation of & jet slement
and the atart of jet mpreading to final lmpact of that jet slement on
the target, is plven by S/V where

S = the alandoff for the particular jet element,

V = the velocity of the particular jet element
asrumed to remain conatant,

Shofisld, following Birkhoff, defines a constant, Wy characteristie

of a particular charge and standoff fur which & and V for a partichlar
jet alsmant are thus deflined.

herelors latilng

‘t, %..
P V1+(%

Expserimental data relating total penetiation ard rotation can be
very readily f.tted (17) Y- meana of a Birkhoff equation. It was first
specifically pointed out by Litohfield, Beitel ard Lichelberger (18)
that since the Biykhoff egquation was derived for a given jet element,
it is initially rathor surprising that Wi tntal ponetration data showid
be rapreszntable by much a funetional form, since @, is claarly not a

constant for all jet aleg\anta of a given conical liner undergoing epllapae,
They give the expression for the "constant" w_, for a given jat alement

in terms of chargns parameters as fo aw; !
Ty, 9in© B/2
LA T —-:‘1---———-—--~—,—-

° i

Fhecaune of the fundsmental importance of this relationshin, ita

darivatinn h‘_‘_r ?gi'tel né' tﬂ:'.: l;:.un—n-..i.- W omd A A Aa M

s e N Y R as-";:—--—-i-'_'{'_,_',‘ e _i.ﬁ
given in Appendix I.
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where 7 = the thicimess of the element of liner,

VJ- the velocity of the element of jet coming through
that element of }iner.

B = the c.ilapse angle,

R = radial distance of original liner slement from cone
axis.

S = distance traveled by the jet frc: point of formation
to point of impact on the target.

Since w_ is a function of the position of the jet element along the
jet 1t is cl8ar that the total penetration will have to be obtained by
integrating the differential contributions due to elements with different
characteristic « 's. Hence, in general (e.g. on the basis of steady-state

theory) the integrated result will not have the simple form of the Birkhoff
equation.

The C.I.T. workers have presented plausibility arguments (18) for
the approximate constancy of @, on lhe basis of non-steady-state consider-
ations in the following manner: For conical liners, vd decreases as R
increases from the apex to the base of the cone. Therefore '4 should
decroase, slowly at first and then very rapidly. Simultaneously sin® B/2

should Increase slowly at first and then very rapidly as one moves from

the apex to the base. Thus, the compensatory variation of these two
factors in the w, expression will tend to reduce the range of variation

of @, over the liner in the case of non-steady collapse.
The fact that the simple Birkhoff equation actually does fit the

observed data, is considered as evidence in support of the idea that
@ does remain nea+ly conestant,

SCALING UNDER ROTATION

Birkheff has proposed (16) that for scaling comparisons of the
effacts of rotation to he applied to peometrically gimilar shaped charges,
the correct measure of relative spin is « d, where

® = angular velocity of the projectile
d = cone diametler

and that a proper correlation of scaled experimcnial data would require
the comparison of dimensionless variables like p/d and 7/d, whers

§ = penetiration in cons diameters
X, thicingss of liner in cone diameters

a
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and the properly scaled relative spin, ® 5. For an actual projectile
w d can ba convenlently obtained from the rointion

w D o« v/

in which

o
]

Ki, is the caliber of the projectile, K,
the ratio of caliber to cone diwmeter
being know for any plven projectile

A 4

the wuzzle voelocity of tho projeotils

1/n « twlst of rifling in wurns/caliber
0. g. 1725
“hum, if ® in exprossed in rev/sec., D in inches, and v ln feet par second,
thenwD  (rps x 4n) w12 x v x ]
n

Birkhoff (16) summarizes thes arguments for sealing under tho transforw
mationa

X @) v where \ = Scale Faclar
Twht X, x » poaltion coordinates
Yay T. t.» tims ronrdinates=

V, v = velocities

Tha sasumptions that oupport sioh an arpument aret
a. The linor behaves like a fuid.
b. Thormal conduction and radiation are of wminor importance.
0, Strwassan do not depend on strain rates dbut only on strains,

Exparimental avidence oltained by OSRD with hSO utael lirora (7)
genorally favora this viawpoint. Figure 8 lllustratus the OSKD results,

The disapreement evident in Fipure { betwean the 8sciklad penotrationa
at 0 rps as woll as over the ontlro range of w d, probably roflects,
ameng othar factorn, the lack of geometirical scaling umong the projectiles
conpared, U is evident that if p/p_ were plotted as the ordinate, instead
of p, the agraement lLetween the reaulta for different sizes would be hetter
than that shown Ll Fipure 0. Hencae, tha similarity of tha two curves
migrnats thai. o 4 ie ‘ndead an appropriatle scaling parameler.

Daviationa which occur are at least in part attributabie to the fact

that comparisons in some cases were made wilih charpges which wers not properly
scalad geomedrically. Thero i3 a possibhility, however, that sonle effects,
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such o4 g;*o.\mx‘ insjgbility of the jet fiam a thinner Iiner: as well as
strain rote cffectd wiay alwo contrivute Lo vhe deviations obaorwved

in sRome experiments, Mcre cavefully desimed ¢xj.oriments are neaded

te establion the scaling facta fiom the experimental viewpoini and
improvements in the “art of scaling" may ultimately bring the experimsuts
into complete agreoment with the theoratical predictiona. For the present
the scaling correlations supgedted by Birkhoff offer ihe safest puide,

An empirical acaling correlaticon has been promased by Winn,
(19) whiich d~03 not ume the Birkhef[ scaling relation, hut instewd
aasumes the penotration law

LewKoa Po
whers L = rolative losa in ponetration w 1 - E-e
)

w = protational froquenay
K = proportionality constant

Fo™ ponetration when w = 0

boy™ panetration wasn o e w

This la»do (o the expresaiun

l - pm u K w p
p ?
ar(pu )!'htdpo"pw-po(l-l{mpn)
Thus since Py = Py 48 the actual lons in peretration thie maanm that

tha aammrtion 16 baing made that the actuel lozs in panstration at any
snin rate 18 proporiionul to the square of the unrotated penetration A

On this basis therw ls drawn a set of curwes of the form
po « p. (L = Ko p.)
whick relate the rotated penciratioi. p, to the unrotated penetration p 0"

#There 1a acattered svidence ihat indientes 2 decrazzing optlmum stamloff
(in rona diareters) for maller cones as well ae inesmplate evidence from
flash radiomraphs that sugeeds the poscitilit of relalively earlier break-
up for smaller cones. These notiona should not predently be considered as
firmly esiablished. They do, howaver, warrant additional careful investi-
gation,
##3ince the tip and tail velocitiesa of a 1m* should ba independent ¢f the
caliber the sirein ratefav/L) at & given jei length, should vary inversely
with the “allber, bucause tho Jet lengtl‘ ghould varr directly with tho
caliber.
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In camparing penetiations trom rotated 57mm coneés with penetrations trom
JOSma conew, it ie founmd that the propossd correlation Ls invalid Laeyond
5 rps 8o that pradictions mast be limited to this ranpe of spin [re-
quoncies,

Infartunately, Winnt'z Sfmm duta and 10%un data wera not obtained
at the same scaled standoff, the 57mn data having becn obtained at 3.5
cono diameters standoff and the 10Gmm data at about 2.¢ coiw diameters,
Therefors the w d scaling rolationahip should not necessarily be obeyed,
and indeed it is nol, au can be zeen from Figure 5.

A more rational scaling procedurs would involve starting with the
Birkhof{ equation P

F“.’ -
" ]
T )
2
and sinco Wy "% v] eir” p/2

@ _should vary inversely with ths cons (ianmester soince the thickiesa =¥
tfle radius B and the elemontal atamdoff & sheuld all transiom aocording
to

X = Ax
wWharean v $a unrhanpsd, Hepoe the funciimmal form for @ as a funclion

ao o
of the soule fantar X\ should be

W
mo (\) - _‘O__
Thus for a 5Tem cone, the valua of w  should be 2 times the waiue for a

cona with twloe the H7mm cismetur if thair ponetraticns are compurud at
the ssme scaled standorf under rntation.

All the ponetration rotation dets, if it somles should then bhe
correlated with 2 single expresaion of tho form

P
;).“3 - L
, "
[+) 1+ C:,_d_ )l-
w
whara d = cora dlioneter
m: m the value of w_for a oone of unit dlamctor under the pre-

(4]
seribed atandoff conditionz,

Thir expression containg the sealing relationship in the form
racquirad by thsory.
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FigukE @
CURVES ILLUSTRATING NON-SCALING ROTATION DATA WMICH MAY
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T+ ia appareni that ono should not expect scaling wnder rotation
v follow if ohe unrotalud penetrations de not acale. Hence in order
for the scaling velatvionshir to be applieables ar a7 atandoffs it is
necesgary for the unrotated dimensionless standoff penetration curves,
p/d v 5/d Lo Le fdentical for all calibers to ha compsred, It may
be considered that fallure to meet this criterion is an indication
either that the gecuetrical scalinpg has basen improperly carried out,
or that factors such as those previcinly mentioned (thickness and
etrain rate effects) are preventing the proper scaling.

Another point of intereet is the apparent failure of tre simple
w d scaling to adequutely correlate the data from liners of widely
different siszes at the highest rotational frejuenciea, The apparent
fallure of the 57mm and 105mm correlationa of Fm'Pq va od at Lhe high
frequency ond is apparent in Fipure 9. How much of this ia due to
standof{ difforrncos ig not prosentiy kmown.

Scaling data on copper linoralawe ' cen obtained most raceatly by
Firestons® over tha fairly narrow range of cone dimmetors (20) from
2,5 to 31.5" and the data when plotted as p“,’po va vd (whers v =

rotational frequency which ia wiie ) smem to FLt tha a acaling law

quits well except poasibly for tho very hlgh values of v, in which
region tha original penatration data for the 1.5" charge behavas
strangely, Their resulte are shown in Figure 10 . When campared with
the revultd for Lhe STam slée whioh are Lo b. found in BRL 037 on p. 340,
it i» again apparent that the results suprest a posaible failure of the
¢l mealing law at the very high apin frequanciea,

If the apparent deviation from the « d scaling law at high valuos
of wd turns out to ba real, it is believed that an explanation for this
will be found {n the obaervations which have Leen mado on the details of
the deterioration procesa, Exporiments almod nt ascortaining the secal-
Ing tulationa In tho coglons In questlon are balng carrled out but have
not yat heen completed, In addition, exporiments involving atudies of
erjects of lirer thickness upon jet stability will be of intoruvat in
interpreting theso reaults of rotation experimenta, since if jet Lraeak=-up
wa® iulivenced bty ihe liner tilcknesa indepsndnntly of sizeo, wvarlier jat
bresk-up of small linara could be contributing to the ancmalous resulty,

In summary, for the desmipgnor, the use of o d as a scaling variable
for prodicting the results of rotation upon psnctratlion appears itoc be
the bagt available basis over the range 0 - 100 rps and S57mm to 105mm
caliberr, For highur spin frequancies it ie still the best guide, but
exporimental verlflcatlons are recommended 243 & check on predictions.
Tt 15 axpacted that experimonts currently under way will eliminate the
unesrtainltlies that exist {or the higheat values of w d,

Who author 18 gratéiul o Dr. Hugh Winn of the Firastone Tira and Rubter
C», for making his data available prior to publiircation.
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YHE EFFLCT OF CUNE ANGLE UPON PiNeTRATION UMDER @tOTATTON
ihuory
i y— e
An anal ysaia of the effect of core anglo can be alloamted in verns
a1 the paramater B by teying to detormine the cffoet o1 cone anelo
upon m,.  Thus by differantiating Wy with ro-z,\oct to O
tv, sin’ p/e

%o " _'JT{S"""

anct hence 1 t remalna conatant

; af 2 o SV 43 | i

dwo i TRS ;:.1 sin f/2 cos p/2 d'& + sin® /2 a-a-ﬂ ’ hbm pr2 [R T b«'{b’l
dav a5
ap %Yy s

It would ba necossary te avsluate a-g ’ y T8

and ‘ﬁ for corresporkling elumenta on tho jel. heing compared. It is very
gifficule to Ao thiz quantltatively Luu uvne fellowing qualitative analysis
ocan be made,

1+ As @ dooretser vy Lnaraasaos,

2, An b docreanos P decreasas.

Tt will t.hnrerora he anaumed thal to o [lrst order approximation the
numwut.o'rw sin® /2 remainu constant bocausa of the compunsatory

variation oi thu laat two facuoura. wtiermors
3, A8 0 dncroases R ramains approximately conatanti.
L. Aa Y decreasos 5 increases,
Tharsfore the danominator of ) incranrans with dacreaning ¢.

Tha oysral) efluci 18 then s darrnase in o a9 © lecroasad. This
would leard one to ex;ect an incransad SUX:JU‘UV‘L%M of amall angls coney
tn rotational doterioration. Thiz is contrary to uie pgediction of
Tuck (2) on the basis that the miss dlatance NS , 1is smaller

I 0 48 amaller, v, t?-a 8

However; & more carafvl analynis of Tacid formula shows that

althwupgh ¥' doas indered become smalleér for deersasing U, the smallor

cons angle regulta in a pgreater effectiva svandoff for thn jot alement

from vhe point of formation on the axis to fins’ varget impact, This

allows corrasandngly groatar deviation radially at any -ivaa pedet along

the axls, Theretore becans: the collirion point for jet cienentis from

mal} angle cones i nearer the apow cf the cone; 1t suffers a smaller
Tick type malfosmation, tut the same jet e’ mont after fomation muzt
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travel a greater distancc to target impact for the same reason, and
hence suffers greater radial spread after formation, Hence the con-
clusion drawn fram Tuck!s equation seems more uncertain than that drawn
from considerations of @, At any rate, consjiderations of the effect

of & on @ lead to the expectation that small angle cones will be more
sensitive to rotation.

Experimental Results °

The experimental data obtained during the war by GSRD (6), on the
effecis of cone angle are not sasy to internret because of large ex-
perimental dispersions. However, the general conclusions drawm Uy their
investigators are essentially as follows:

i. At short sﬂandoff the larger angle liners show little deterior=-
ation due to rotation. Howeve., since their unrotated peretration is
relatively poor this is of little practical value.

2, Because of the increased effective standoff (due to the
increased cane height) of a small angle cone, it 1s more seriously
affected at a given external standoff and its penetration is therefore
not appreciably better than that of a large angle cone (6).

These conclusions are unfortunately not as specific as would be
desired by a designer. Additional experimental data which has been
obtained at the Ballistic Research Laboratories using 105mm charges of
a given fixed height at a standofi of 7 1/2" which is near the common
built-in standoffs for ammunition (2.3 cone diameter:y) are shown
plotted in Figures 11 and 12. In these curves comparisons are made of
the unrotated penatration and the penetration at LS rps, as a function
of cone angle., The results within the range of variables so far explore-
clearly indicate an increased sensitivity of small angle cones to
deterioration by rotation, From the practical viewpoint of the designer,
the best cone angle from these experiments at L5 rps appears to be about
45°, even though the smaller cone angles gave better unrotated performance
and the larger cone angles showed reduced sensitivity to rotation. These
results are consistent with the crude analysis in this section. However,
caution must be used in extrapolating to other conditions., The experiments
wnich are belng continued will cover a much larger range of the variables
w, ard the standoff for various cone angles.

In summary, the designer can expect to find small.angle cones more
gensitive to rotationsl deterioration than larpe angle cones under
standoff conditions normally exlsting for ammnition., There is not
sufficlent good informaticn on the cone zngle effsct at large standoffs.
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THE EFFECT OF LINER THICKNESS ON PENETRATION UNDER ROTATION

Theory
For a given liner diameter and stindoff, the liner thickness enters
; *V4 sin® p/e
the expression for @, in the numerator, i.e., W, = e « On

¥’ 3 other hand, the other factor in the mumerator vJ sin2 B/2 would be

expected to decreare with increasing tvhickness since B should decrease
with increasing 7, and~v3 would normally decrease due to the decreased

value of B (which makes the collision point coordinate system move more
slowly relative to the ground). !ence the effect of liner thickness
upon would cdepend upon the extent to which either of these two

potentially compensatory factors 7, and vy sin® B/2 dominated the
numerator.

Thus if the numerator 1‘v3 sin2 P/2 increased as 7 increased, ER
would increase with the thickness 7. Increasing w_would result in
reduced sersitivity to rotational deterioration sinle a higher rota-
t2onal frequency w would be required to give the same fractional re-
duction in penetration.

Conversely if the numerator decreaced with increasing 7 the sensi-
tivity to rotationa) deterioration would be increased as T increased.

Since it is apparent that the two factors in the numerator vary in
opposite directions in such a manner that they tend to compen:iate, one
might expect that the effect of liner thickness upon w, might be

relatively small, and perhaps of second order. This analysis,of course,
doss not take into account the other possible independent effect of
increased thickness, i.e.,, increased jet stability with respect to break-
up. Such an effect would, of course, tend to make thicker liners less
sensitive to rotational deterioration.

Experimental Results

There have been very few rotation experiments reported* involving
liner thickness as a variable, Those which have been carried out up
to the present time seem to confirm the expectation that over the range
of thickness studied the effect of thickness is not of major importance,
and that the renetration performance of a uniform conical liner under ro=-
tation ig,within the precision ef the experiments, essentially unaffectad
by thickness,

¥rhe author 1is grateful to Messrs. Eichelbergur and Litehfield of ths
Carnepgle Inatitute of Technology for making their experimental data available
prior to publication.
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Improved oxperiments, with cxtro cire taken Lo rveduce dispersion,
w!11 bia reiqudesd to egtnblish the existence and magnltuae of the thick-
neas effect in rotation. Suparale experiments are required to ascertrin
the contribution, 1f any, of the llner thlckness Lo changes in jot
atabllity to break-uap. Such swpeviments are under way at tho Bellistlo
Research Laboratories and ai Carnegie Institute of Technoleogy but at the
time of this veview there are no definitive resuits, The beat course
for tha dosigney at thia time 1s to treat the thickmess varinble as 1if
it has no effect uron rotational punetration, and that the best pervform-
ance under unrotated conditions should determine the thiclmens,

THE EFFECT OF STANDOFF LUPON PENETRATION UNDER NOTATION

There has recently bean compluted at the Dallistic Research Labora=-
tories a very oumprehensive experimental atudy of the erfect ol rotation
and etandoff upon the penetration of heavily confined 105mm drawn coppar
linors, The most useful way to summarize thio study i3 to prasent, the
exparimental results in geaphiea) form, Thene are shown in Figure 13,

Those results can be considered typical of pgood liners sinco the
unrotated performande of ths Lasly liners compacen (avorably with the
best results ever reported,

Thn eonelusions of valua to the designer, whieh may be drawn from
these rasulis are as follows:

1. Tha Penetratisn at a given atandoff drernaras monstonically as
the rotational Crequency laoreanan,

2. The stardoff correaponding to pealt penetrution dooraares as
tha rotational frequanoy increases until at tha highant [requencies
used (= 240 rps), the opilnun standoff 18 only a few inchea,

3. At low rotational frequencles useful penetrations are »btalnable
avnn alf, the largesi standoifs (yé') used. The implioatlons of this
result are important for the problem of defonse by spaced irmor,

THE EFFECT OF LINKR MAYERIAL UPON FENLYRATION UNDER ROTATION

“here have boen panetratlon experiments comparing varioua liner
materials uider rotation carried out by OSHD (21) by Fireatone (22),(23)
and by Carnogio Institute of Tecknology (24)s In addition, flash radin-
graphic Jet studiey have bosn carried out oy the Ballistic Reasarch
Laboratories. The nenetration experiments generally lead to the con~
clusion that no materinl atudicd so far offers any atrikineg advaniages
over any othor material insofar as rotational oflects are concerned)
the predauirant role of Lhe unrotatad penetratlon makes copper still
the proper choicée for penotration purposes according to the paneiration
axpsriments.
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The flash radiographic studies by the Ballistic Research Labora=-
tories have indicated a basis for expecting differences in the behavior
of various materials because of the expected dependence of the critical
frequency for bifurcation upron the physical properties of the materials.
Such differences have actually besn vbserved, These studies have,
however, not yet progressed to the point where conclusions of value to
a designer may be drawn. It may even turn out that ths differences
which seem to exist may be too small or may require the use of strategic
nmaterial for their exploitation.

THE EFFECT OF LINER SHAPE UPON PENETRATION UNDER ROTATION

It has been suggested by various investigators (e.g., Birkhoff
BRL 623) that trumpet shaped liners might show increased resistance
to deterioration by rotation. This view is based on the notion that
since the trumpet liner is on the average nearer to the axis of
rotation than the equivalent cone of eqal altitude, it ought to be less
affected by rotation,

Experiments by the Carnegie Institute of Technology several years
ago did not bear cut such expectations, However, experiments which have
been carried out at the Ballistic Research Laboratories using trumpet
liners with peripheral initiation have indicated that one can indeed
obtain reductions in the deterioration of the performance under rotation
by means of a trumpet shape.

These experiments were for some time plagued by an inability to
reproduce the experimental results., This difficulty has recsntly been
traced by Lieberman to an inadvertently overlooked mechanical inter=
ference with the late collapse stages which has been eliminated. In
addition, asymmetries in the explosive have also been shown by Lieberman
to be of importance in hindering reproducibility.

A comparison of the most recent performance of peripherally
initiated trumpets with the corresponding cones of hSo apex angle is
shown in Figure 1. The performance of electroformed trumpets (peripher-
ally initiated ) is compared with the best drawn conic2l liners avail-
able at the Ballistic Research Laboratories in the same ecaliber. .

It is quitc evident that the peripherally initiated trumpets are resiste
ing deterioration quite effsctively. More complete coverage of the
pertinent variubles is still npeded, but the effect is sufficiently clear
to warrant consideration of this system in applications involving lower
rotational frequencies. This system may be considered competitive with
fluted liners in this range, and may have advantages since there is no
peaking of the pesnetration performance at a given rotational frequency
but rather a reduced detericration, the performance improving monotoni-
cally as the rotational frequency decreases. Ths possibility of increased
sensitivity to loading asymmetrics is a disadvantage thai must also be
considered. It should, hcwever, be possible to overcome this with care-
ful loading techniques.
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. The flash radiogesphs of tha Jute shown in Figures 15 and 16 bear
out the innreased resistance of thin system to rotational deterioration.

In oxder to minimiza ths sffuots cf rotaticon 1% is logleal to
atart the collipse as near the axls as possible, w. ey Ly the use of a
oylindrical liner., The earlisst reiorvied experiments with orlindrical .
liners are those of the British (25), The group at the Balliatio
Réesoarch Laboratories, unawvar of miuh experimsnts started a similay ’
investigation 4n 3550 (26) ond since that time, investizators at :
Frankford Arsenal have alwo uttzoked the probilem and have produosd the i
wavo shaping mystem which so far has given the best penstraticn per=
formance. This pecrformarioe level, however, smi the reproducitility have
both been inadequate,

Ihe mejor problems in the investigation of oylimdricel linars ars:

ot e T atw

1, Devising a xystam whose ‘inrotated porformance will ocompare
favorably with that of n conical lineir in the name projectils.

. e

2. Parfecting a wave lhx\ﬁn@ apwtem whioh will be suffiociently
m:?m- to make experiments] investigation of otlier paramsters
prasibla,

. The advantages of & mall dizseter oylindrical liner are:

i¢ Tw cyllrier should axhibidt a high ability Wrewd gt detapiprs
’ ation by rotatian,

2. There is potential value 4n the possibility of making the
pematration depond wpon projectile length rather than parojsotile oaliver.

3. The 8lsplliolly of the geametry mhould have advintages from
the profantion viewpoint,

The possiblie disadvantages of mach s linar ares

1. Very high preoicion will nrobably ba reqired for tha eylinder

Terar,

Al st e ] R s

ram

2. A wave Chaping syrtom 18 reguirsl wonowling to present dasigne
to get enmph uaterdal into e Jet to make a wiseable hole diamater
which is sssantial for lothalibty pury-»ses,

—h Ae

3o Fratant designs have up (0 thie time glven penetration per-
formanas no Lattar than half of that ates!nchle with & dons in the Sems
pivjectile.

Figure 17 shows the appearance ¢f the jet from a L4 long cylindrical
Liper whose lntaerlor diamster is 1" und whosc exterior diameter is 1.,1"

s ] RS S S s 1 et e i sl

. i & heaviiy confined 106mm body,
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F1G, 18, nicle ta mild ataa! made by the type of jet shown in Figure 17
{(Noate tha arpall dicmoter)
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Figore 18 shusc the hole in mild stesl by such & Jet,

In ooy, the desdymer should ba awire of two deavalopmeats
lovolwing Yner ghapoea aimed at reducing sansitivity to rotational deteri-
oration, Of the two, the systs. invoiving trumpests with ard without
peripheral initiation ia muoh nenxer realimation and &rplieation than
the system invelwine o cplindyiaal lirer wiih a wavs sieping device,
bBoth of thess symtemi should be distingvishsd from the fluted linera
ard other methods which are disourmsed in Chapter VIII. The latter
arw more properly contidered methuds for sctively overcoming the effects

of rotation, while ihe systems discusemd in thips chapter are pussive
Fystans,
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APPENDIX T
DERIVATION 0OF THR KLERESSTON FOR w LN TERMS OF CHARQE PARAMETRHS
by
F. P, Deitel
Carncgle Institutas of Technology
We wish to find an exproseion for the offect of rotatlon upon
penstration of & danical limar. 8inee a non-steady collapss theory
seems to be required, only elemental rings on the come2 will be considered.
In addition, ihe vone wall will be ansumed to b thin vherever this
aswnmption seoms to be deairable,.
lat. ® = angular velocity of undollapsed cona
R = roadius of uncollapsed ring
r, = radiue of the ring after collapss

@, v angular veloaity of collapied ring

d = wall thigknmes of com
f = oollaps#e angle of tow cone
8 = gtandoff for the ring elemsnt

v e jot valority of Jet alement srizing frow ring
under conaideraticn

o« mass of ring elsamt

"‘J a mron of N elameit formed

P = alament of pnnetration due to the ring element
spun at angular valeclty

P w ponatration for o = 0
A =~ press-goactional Area of Jetb

TE wn amsums that ths angular momsnium of the masp m, i@ con
sexved wo wan write al once ~

E s DAY
In = I, ®, (i}
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Tsking the initisd configaration to be a hollow oviindar and the Final
one (at the axis] to be u molid cplinder we haws
T-%md l_ni*nﬂ ¥ om, Re {2)
I, =7 ", x-i. (3)
Sobstitution of these quantities ylelds the relaticn
Rzm - %r r:‘; wJ (i)

Now to find the radius of tha Jot at the targot wa can apwum thut
(AT IRATY T IJ 10 subjected to a centrifugsl forve due to the rotation o

the Jet.
l‘-nd !'J " kg Ty «% (5)
ar
B, v, 2
J J

Mt froe (L) we omn find “, -?md (r1) to obtain

h 2
SRS (6)
T3
To salve this we let v « if‘,. Then
{ : e » e
sl e 8 R,
nmlvdv-hnl‘m"" »;-4
1

uhence & = b - h RY o2 %= , b =~ arbitrary ronatant
'/.‘L h “F 4 )
This is omsily 1n1'.ngw-ntnq to yield ‘i’
- 4
tméV%§¢$3+c (8)
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To wraluais the constants b and ¢, we iake tha Iniltizl conditions

dx
r., Y '#-A Hl’:. I.I_t'tno_
. 0’ cr
Y
W and R 0 , om0
rn

(6]
mabatituting in (8) and solving for Ty we gt

ol 2 o\
rg "~ fﬁ % 1 + A'-u.ﬂ;;nenu " ‘( (9)
- [

New to find o we oan go to the initial oonfiguration and require
the oonsarvation of mars, Froa tha non-steady collapse ilwory we have

;4 « atn? 2 (10)

Assuming that the density and longth of the elmisnt do not change s
At moves f'rom the original posltion to the axis we can write

NPy )

At

Also, aince we hava asmimed tha 1iney to he vavr thin,

mwp (2nK)[a (12)
Hemoe, eomtining (10), (11), and (12) we gt

paxt £ o) £ d mtnd 2

oy ri - 2Rd aln’ B/¢ (13)
Alau, the bLime e slemont roqeires to reach the target ia
spproximatoly
[
[\

If we tak® the penstration slement as jnversely proportional to
the jet orosz-cention we get (1.e,, for the expanding jet)

/T; h{- T
\s-g-n ] _2 o L// - wggr—-a L ] ;:—3:.
‘o A R f"r “f

-
3
et}
ey
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whero Te 1s the radius of tha jot at the tacget:. Honce

. ] =172
LA 2(, wls 2y O
! .
o

o P .
r e
o

whara mﬁ ] — follows from substitution
RS

of ¥ and ¢, from (13) and (W).
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CHAPTER VIII
SPIN COMPENSATION
Re Jo lichclhorpr

Carnegie Institute of Technology
Pittaburgh, Peansylvania

tion

The title of this éhapter will be interpreted literally. The
ohdef oomtent will be a discussion of fluted liners, the most ex-
tetisively juvestigeted means of compensating for initial spin of a
shaped charge and its liner. Other metheds cf eliminating the
detrimental effects of spin will be treated only briefly. Means of
aveiding, rather than eliminating, the effects of spin ara not
terninal ballistic prodlems®, and will be mertionsd only for purposes
of evaluating and comparing the pressnt and votentisl practicality of
all means of dealing with the problem of #zpin degradution,

. Present requirements for spin-compensated liners are largely
determined by the spin rates of the spin-stabilized H.E.A.T. rounds
now in field use. These vary only siightly for rounds of different
li...lj Sef>y the 57- HEeAeT. has a spin of about 210 TePe8o, the
T5an and 10Sam round have spin rates of abcut 180 re.p.s. to 200 r.p.s.
.There 48 presently a trend toward higher muszle velocities that would
iscrease all spin rates by as much as & factor of two, and some new
roands ourrently under consideration have proposed spin rates as
high as 1200 r.p.s. Bven fin-stabilized rounds sometimes have slight
opin umally of the order of 25 r.p.s. which iz of considersbls im-
portance in largs calibre rounds (mes Chapter Vil).

Fistepionl Beckground of jjuted Ligiars

Sc far as is known, the davalopment of fluted liners for purposes
of spin oompensation has heen carried out exclusively in the United
States. The original sugzestion is oredited in the literature (1)
to Lims Pmling tut hag been made indepandently by many other psrsons
interested in shaped charges, It is interesting to note that the
basis of the suggestion has besen similar in 211 cases and is not sig=d-
ficantly related to the sctual mechaniman of commensation.

* They. include:

{a) Means of stopping the spin of the shsll near the target.
{s.g. bv msans of vanes or peripheral jet engines).

(b) Means of preventing spin of the charge and iiner whils
allowing the ahell body to spin for stability (e.g. bty
mounting the charge in bearings).

{2} Elimination of spin by nse of fin statilization.

Al of thesa methsods are discusssd briefly nesr the end of this chapter,
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The earliest axpsrimental work was carrisd cut durding World Wer II
by ths Explosives Research Laboratery. The results obtained (1), (2)
indicatsd that a spin compensation teéndency sxisted in fluted liners
but was oppositc in direction to the anticipatsd effect. Basic develop-
ment since the war has been carried out largely at Carnegie Instituls
of Technology (sinceal9hB ). The early work at C.I,T. preved the
existancea of spin-campensation and revealed its trus complexity, Most
of the effort has been directed toward an identificetion of iths physical
phenamena responsible for compensation and sttempts to reduce them %o a
tractabls form for detailed investigation.

In 1950, the Firestone Tire and Rubber Company became interested
in spin-compensation in comnection with a program for developing the
105z B.A.T. weapon®. For practical reasons, their work has ofisn
followed different lines from that at C,I.T. ard has provided a grester
veriety of experimental observstion,

While all of the experimental work on fluted liners has boen
carried out with shells apun in stationary apparatus, several field tests
have by nop beén carried out, also. The first, a premature attempt to
apply vesy early C.I.T. laboratory observations, was carried out by the
British th 1949 or 1950 (unreported) with very unsuccessful results.

The second was carried out by Picatinny Arsenal in 1951 (also unreported),
using some C.I.T. evperimental liners mounted in standard 57mm shells,

In spiis of the facte that considersble adaptation wes necessary in
mounting the liners in the shell and the compensation frequency was about
30 r.p.s. lags than the spin frequency of the shells (180 r.p.s. as
comperad with 210 r.p.s.) the resulis were very satisfying., Tiree shois
out of thres perforated | in. (2.3 charge diameters} of armor plate, and
en shots out of sixteen perforated § 1/2 in. (3.3 charge dizmeters) of
armor. These results are to be compared with 70% perforgtions through

3 in. of srmor by the standard S7mm H.E.A.T. shell. Just prior to the
time of writing, Picetinny has completed tests with a mcdification of

the C,I,T, expsrimental liner designed specifically for the standard
sheli, In this cuse, ton shots out of twenty-four perforated 6 in. of
armor plate. The linerr testsd represenied a variety of manuracturing
corditiors. Thoere i3 evidance in the dats that most of them over-
componsated and that sven better pesriovrmancs could ba sxpected from an
aypropriately chvsen procadurs of manufacthare.

Firestone has also carried out £isld tests with fluted linsrs desigmed
for 8lcw spin (about 50 r.p.s.) 105mm rounde, Thess tests iudicated thai
the Mluted liner was camponsating almost completaly for the spin, a2lthe
difficultise with ozive shape canged some reduction in peadtrailon
{aatizsly incideninl as far as spin compensation 1s concerned).
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e noh resnlt of thy fisld tests s Dar showo hel the periormance

nf 8 Clited Mirse in a shel) 18 no differvant Irom that Mtatned in the
laboratory, providad ihe shell design does not interfare with proper jet
formatiom, o

Fron the viswpoint of applicaticn, the best resulta that have been
obtained to date wilhi fluted liners are:
» /ma linors ety charge diameters psnotration ot 360 = r o,
(oharyge diamstar 1 5/6 in.) 5.0 charge diwme ters penetration at 1E0 oDl
L.7 chergy dismetars penetration at 250 r.p.s.

iNSms 1iners 6.2 oharpn diseters panstration at 50 v.p,.s,
(oharge dimmetur 3 1/% 1n.) L5 oharge diamoters panatration at 85 r.p.n,

Thw potential performance of tha S7ma corts (az repressnied by smcoth liners
fired atuiloaliy) s sbeut 8.3 dismatars panstration and thad 4 the 10%m
liners shout 6.7 dismeters, under appronriats conditions for coparison
with {3» above. Ry interpalation from jaboratory results, o panotration

of Lo charge diametars should ve readlly outainubls from a 5Twm HeBoh,T.
round at ité standurd epin frequenay of 210 r.p.a, Wo liner has yet bean
eaiud that would provide very goal epia oompematbion in etehdaad lUSma
“JJI!i l“m. (lpin fﬂ@ﬂq about m Pqpo.m,o

Hecharivte of Mrin Sowpensation by Fiuted lensyy

It is now gancrally ancepted that the detrimental sffacts of rotation
acs dud {5 the requiremenis of voaservaticn of angular aomsntum and the
conmaient tremendous rotational fregienoles of Lhe jwt (wee Chapter VII).
In order & gountaract this effeat, it is obviously nucasaary that a
tanguartial component of velooity he imgpartad to each olsment of the iney,
by s mears, which 10 equal in magmiude b oppomile ip di-ssdlsn to
thut set up hy the initial mpin of tha liner. the simplent. means of
sancoNplishing this is to find a way of ueing ths erergy of the e:plosive
to produss a countar-torque on tha liner.

The basiez of al) the ariginal mupggesticns for uae of fluted linery
hag hwen the ides of aimply nltaring the dirsction of liner eollapse, by
fanting tha surfacs L negments, mc s o compenmate e the tangential
velonity ceator due ho initiad spin (1). Thim ldem im atill implicitly
inninded in the tha.cy of ocompansation, tut playa oniy » minor rois in
mcst cased, The vary first E.R.L. terts in wiilch sn irdication of spin
campensation w23 obaexrved showed that thia weclianisn was not sridominsat
in that thay indineiad compensation in the dirsctiew rpposita do shat
sntdatnaiat (1), (2}, ‘e B.R,L, growp then developad a theory based
on uw@Aality of torcuss prowioad hy pressure of the sxplosive produote
on e canted epd the oftset murfacas of & linar sepment (2)¢ Thim
concapt was late™ modifisd Wy CuT.T. (11)ad0 take into acsount non-
atoady state conditione in liner collapse, imit the itheory hes gsluse
besn proven inonrmact,
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The prédvnt vuncept of spin campenwatiion is bamed on two phencmans.
‘that heave bheen atudicd at C.X.T. under fa; sispler clroumsiances than
those exinzting in ccliapas of a fluted Ui, COne, aometimes calied
thn "thick-thin" effect, 18 the obierved dependance upon ths thickness
of the liner of the Lmpulse delivered to a liner élement by the product
gane of detonatioue The second, nawnd the "tranapart® sffoct, is the
depardence of the impulse deliversd to the liner upon tho sngle at
vhioch the detonstion productes tmpings on the iilnwce Golll of thase
offocts ace strlokly dynamio phenomenaj; that is, they sre to be
dhserved only in a rapdly flowing fluid al thay reprasont dopartures
from Avchimedss' nrincipla.

The thick=thin effect is repreauntad graphioally in Fig. 1. The
ourve ahewn uas derived from the thaory of shutk waves (24) and has
benn verifisd bty experimant (26), A very similar result has also been
cbtnined on the basis of gas kinetlos (3). Appliciiion of the thiok-
thin effeot to 2 flutad liner is also illuatrated in Plg. 1, Tha
lmpulss per unit area 18 alwvays groater on ths offuet surfavs, sinoe
the %hi 8 nerndl (o that swface iv greater. Nirthermore, the

1se is directad along the surface normal, When the impulsen
idvered at oll mirface elaments are resolved into radial and
Lingeabtlal coapamnts and sumeed, W Wl taugsobial comgonnui dues
vot. vamish, ar in the case of a atatio fiuid, tut has a mt redialtant
sthich produses a torg:s, in tha Alrsstisn shewm, whioh can ba vead for
2pin sompansation.

The tienspar) effect can ue renremented 2imply by the wgustion

. F JO
N L)
I« (et ),
vhara T 10 ¢he Impulae deliveasd to unit ares of a liner whose surface
noy=a) !nm- the prgie B with tha dirantion of propagetion of the detona-

tiom wave, and In in the Lzpulise deliwerwd in normal denand,  This aquation

has also been derived from both shook theory (16) snd gmm kinetics (2V)
and hen bern verifiad hy axperimant (12), It 10 aignificant in epin
oompungation becmuse the angle @ at which the detonation wave stiolkes
the canted surisoe is gonerally (excepi Lu spival fluten) lear then for
the offset surfuos, Af & remult, a net torque is produced {n the direc-
tici opposlia that from the thiock-~thin affept,

Mathamutical Lowatmonts of spin componusation have besn cirried out
v L, Ho Thomas (h) end by G,X.T, (16), tha iatter baing an aitewi
refing e asgupricns waed by Thomnss, Thess trvatments ave baswd on
whock theory and impliivitly contain beth the affecte to whioch wpin
ComEpanesviia Ga3 Laan amcribed. Thay demomsirate thecreticalls the
fendibilivy of spin cuapensation, and Themes has shown the poomibility
of xevararls in dirscilon of Ue nel torqua. Uidortunutely, the
clmplAtiantisan (Nquined to make the matoemstlosl trastmend tvacishle
preavent their spplication to test comlitioems excapt under very mpecial
ciroums tancos. At prasent; the mathematical theory provides only a
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P4 1 Tllustestlon of tha thlek-thin effaut and ita spplication to a fluted
Luer, ue to the variatice. w.ih liner thickwess of impulee per unit
araa deliversd Ly the sxplodnfion produots to the lilner  see upper figwre),
the impulna delivared to an slemmt of & I"luted liner depends upon the
shaps or the Yiner in the nalghborhosd of the elemant, The groates the
thilokness of bhe line: ciewsst (muczused Domol b the aucer marisos)
the zreatar the lmpulps dsiivered to it, The result iz {Nuatesmted
pahienatically in the lower fipure, where the isugths of the mtrown roanghly
raprageit the zognitudes of ths fmpulros.  Hecause of tha non.unitormity
of the iwpulues, thera ia In general a nat forow tending to ofnie tha

A .

acnfigaration An the dirsatinon af the onrved arrow, The iliustraiion,
ol ooilrde, overpimpiifies the application, bub ccnveys the geners) idan
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@alltative gnide for sxoerdmental works,  Alisnpid have besn mede at
C.ld'ls 0 npply cbmervatinnz on the thisksthin sed teanspord affanty
dirsutly oo Nutad cengm 1n w semi~avpirical fashio. This pro-
cehirg al2o produces many diffioulties, however, and has not 1o data
yielded any very useful remalts axcept of n qualitative nature,

EBven though & rigorous mathematical treaizont of fluted lins:s
at pr«mnt very remote iwdesi, it is pomibh to ratiomlise
n uit-nor.aiutm fashion the enidre baly of smerimental viscrve-
tluns male thus far with fluted linorm. Nrfhamm, Wy comtining
information glexned from theoretinal consideration~, btesic paperleenin,
and wﬁorvnuou with fluted TLwrs, the following conolusions coan be
rea ¢

(1) The -hanamena responsible for spin cowpensation (l.e., the
thiok-thin effwct arnd the trwinsport effect) ure second-order
in magnituds comgured with the overall effect of an explosion
oo an inert limer,

(14) The twro effecic we ot ® gro«iut.ﬂy the ase magnitude
bt are opposits in direotion undar tha erpditions iud alea
axparinsntally this faz'.. Thay srw largely .ndepsnisnt of
Ao amnthze 2nd £an L8 Qépeawiwly veriwml, Consesqueatly,
they are cowetitive, awd eithwr can be mede dominant by
sppropriate desim. lesding to tha nosslbility of reversals
in divestion of min sommensot ons,

. Limaxp

Yo ghall Mot contider the weary geparal and furdamental aspeotes
of thw expurussatal chasrvationn with flated linmars. In the firat place,
AL veama pdeguatelr prowen amw that the ezepantial) effect of ths fluiing
i= to introduoe an Aangular ispulse in the collepuing linsr whidh, undsy
rppropriate conditions, can be made to cowpensate for the an 3
acntvi due to mtui spine Thua, a fluled liner spun at Lte deeigned
opiimm Drequenay produces a ok axecily Like that produosd My an
agiivalent mooth Iiner firwd statioally, Whan fired statically, the
flutad 14ner producrs a disparsed jet like that Hrom a xotoled mmooth
lHoer, Ilndireet svidance of thase faots has Lesn desoribed cany tiwes
inoluling hols ypvalfile obhrarvationg, Jebt reloclty menmcemen’s, pept-
tration velovitien, etcs A set of Clash radicgrsarhs taken st the
Balliatio Ressaroh Laboralory wanantly, amd showm in Tsi- 7, provide
the first divwot ard incuntrovertibls proof, hoavers

W ke use off TAZATAY apiralled inetesd of straight Tintes wiilld pra-
ruaadly aake the two offacts mutnally rednforcing insiewd of com-
patitiwy, thus lesiing te g,hnm optimm frecuencies. See Choptar IT,
Page Bh , wnd the diztuislon of «Epsrimental rasunlta later in this

Hﬁ:‘ér_ﬁe] Noter Additionmal rw!:mtgns m;r,rhm found @”. -muhem' e Anel‘nOH‘
and J. Siwon, "Flash Rediogeaphic Piudy of 8pdn fompensallion with L0Sme
Flutad .L'Lnﬁ:rq ® Shapad Chargs o Lz'xml, Vel. 1, No, 1, duly 195k,
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Further evidsnes of e aflfvcts of ¢wpensation is shoun n the
plote of Fig, 3 where experimentnl pointe nnd auvwves ava siuam Paw 4lo
dapth of naustration ag f function of rotsvlonal frequency for swoeoth
an) fluted L7rm and 10Swmm Idrwes, It io evident that the behaviar »f
the fluted liners as the frequency is chinged 1ie the sama as thal uf
the aqilvalent mmooth liners, excant that the maximum penetiation is
ohtalned with the flutzed liners et zome rotational frequensy other
thin sevo, the optimum frequency being determined Yy ths deeign of
tha flutes, wall thickness, eto. 1ne casus chown ars typical. For
tiw 10Smm linerw, the fluted liners gave a higher averags penetration
Wi Wwir optimun frequency than was obtained witn the statiocally rired
snooth liners. (The ostenrihls inerease in penstration iz due co a
redustion in average wall thioknass of a oone initially thicker than
optimum duo to machining of flutes; this is not a typlcal characteristic,
of course.) With the STrem 1linsrs, the penstration at optimum freque.icy
by the fluted liners iz acmowhat less than obtainad with statiocally
fired smooth 1iners, tut it will b noted that tha cptimum frequency
is 250 r.p.a. (well above the rats of spin of a stanlard 5Tmm H.B.A.T.
shinl) ), wperimantal points shown on the plots ales illustiate
that tbe variability in parformance with a satisfactorily made fhited
1inar 13 no greater than the variability of the eqmivalant muooth

*

Bcualing rolations for fluted liners ars not yei weli established,
Thaoretiosl sonsiderations bawed on modelling lawve laad one Vo expeot
that, ror 1inéra and charges that are geomatrically similsr in all
respects, the eptimm fremisnay (4.a., the freausncy at whieh iha
bigheat degres of noapensation is obtained) should vary es 1D, D
belng the charge diamster. The only experimental swidanoe aniubh
at presant is obtrined by comparison of remlte with liusre of different
sines that are mot really scaled replieas, Early sompariscns of this
sort swamed to irviioate Ghat v_ wan more nearly propertiomal to 1/7%,
ut th14 haw winoe Deen contraficted by work ot both Firestona mnd
0.V, A+ neamant i3 zopears that v, o€ 1T with n slightly larger

than unity. ‘The unecertainty of the axperinenial ccspariuons is such
that thw departuve from the thecretioal expeoiations ir not certain.
Connequently, through i.h- remainder of thimn chapter, the cthaoretical
acaling relation v, o i‘_ will be sdapted, Deliniiive sosring testu

)

sra balng carried out at the time of writing, but hive noi oesn
roE leted,

Lk e - - il

To

It mast bs roted that even the moat fayorshle sealing lsw thet

cai be antdelipated raimea a great deal of difficulty in obtaining
corpenestion ot standsrd spin rates with lacvgs liners, In order to
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obtain compenpetion in = 1C05mm shell, the ratio of flute depth to {
Ghargy dlamster or to ilner wall thickneas must ba abmt dwicn as ) ;
prant. as that required to otitaln compensation at the name spin rale 3

et 2 G GuNdae  WLWI 1JUTA aosignd that heve been tosted o date, 4 i'z!

1t has not besn possible to achiove a wseful depih of peneiration W B
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Firestone 7. & R. Co,
Type IV Flutes
10%mm Liners
AMe 0,006
)—‘ - 0¢062

ne=&
D= 305 in.

| § |

200 100 60G

i
0
YD (in./sac.)

= C.1.T.

- Smooth Liners
S7oa

Carnegie Inst. of fech.

| | 1 1

1
=100 =200 0 200 400 600
¥ D (in./sec,)

Plote of typical data from 105m and S7Tmm fluted liners, compared with
observations for equivalent smooth liners, Both absoisgas and ordinantas
are normalised in accordance with scsantad sasling relgtions for purposs
of comparison (D iz the hess digmater of the liner in each case, P is the
depth of penetration andl v the spin frequency at which the obaservation
vas made), Thers are toc few 105w data to conclude much, except that the
‘iuted liners parform at lsast as well at L..is Sptimum freguency as the
statically firad smooth liners, For the S7Tmm liners, the neak penetration
by the fjuted liners is samewhat less than that hy the smooth linere but
the optimum fraguency iz high {(about 250 r.p.s.). The variability is no
worse than with smooth liners, however. Relative degradation in perfrormancs
as a function of departure irom optimum frequency is the same for fluted
and for smooth liners. |Note: description of method of ourve-~fitting may
be found in CIT-GHD-R23, R25 and R26':!
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spln caled Tor this resmon,

With regard to din poseibility of achleving compensation nt
very high spin reates, 1t oap only bs atated now thet there has
appoared no emntatisl limit to the attainable optimum frequencies,
It is oomin',_ﬁ;nnr, that the difticuliies will inoreass rayldly
as the optimum frequency scught inoreases. Csrtalnly, the simple
dazigns of flute and the relalively liberal tolerances used to
date st be ultered. A praot 1imit to the attainabhle com-
pensation framuanny exists, os ¥, Mt 1ta magnitude cannot be
aptimated from present information, it seemn entirsl; puseible that

comporaation csn bu achluvad at values of v D st high as 1000 in/sea,
without requiring impradtinal designe,

Pive distinot types of flutes huve been testsd to date, They
e 1lustrated in Fig. L and glvon deslgialions that will be used
throughout the following diroussion, Class I sl Class IX flutes
ire formed butwesn one fluted wetel dis (male for Class I, femals
for Olass 1I) and » rubber padded smooth mate. The undulsting flute
torwsd by Ltha peided loul charscierises both typse. Clase IIX flutsr
are foryed hetsman matohing fluted metal die2z and Claasss IV and V
batwesn one Tluted dis {femala for Cluas IV, mala for (luws V) and a
Weooth metal mate®s Ax will be seen presently, muits difreront
mamilta ams obhlsinsd with Lhe varivus iypes of Putles.

All signifioant flutes tasied thuu far have basn made so that
(at least nominally) their depth Lacresmed linsarly with coam radius,
henoe the flute depih oan, at lasst pominally, ba reprenanied by
a = uR where | Je a oonstant for each aona. 'f'hn danigin hare Dasy
Linited mo that any ond bo nominally deseribed by five design prrassisrs
Alinstrs’ 3 in Py, &, and defined as follows:

=R, an flute dinth R = pitab radius of iiner element
A« /R, T = wuld thiockoess of blank bafore Liuting

R = mumber off {latas

¢ = angle detuesn flute offset mxd radius thrawgh its root

R « unale of Indexiag (vhan matohing fluted toalm are ups=d).

Systeatlo Lovedbigutions of wll iiw dsmign parameters have not yet
besn carxied oui fair =1l slamges of flaven., The followlng table
indicatea which have been studied for each wypw (0 lndicates lnvesiigation

by G,I.T. with 57em liners; F, by Firestona with 106mm linara):

ook detalled dineripticn of foralng techniques ix lnoluded later lm
thie chxptsr,
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Fig. & Frofilea typifying five panural classes of flute design. Arrows ‘rdioate
direction of componmative impulse for emall nuabars of flutes; for Clans
TIT flutes, dirsction of compensation dapeivis on index sngle as well aa
on nmber of fluten,
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Fif. 7 Dsiinizion oI design parsmetere for fluted cones,
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Fluts Design Yavamater Varlad
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Notetr Caaes indicated by asterioks have been gystwmatioally lureotigutad
by stolngs of experiments in which only ona parameter was varied
inscfar az dontrol was attainable. In other caser not so marked,
o or more 7ats of tests are used ey a Lasls for correlaticn, The
0.1,T. linure sre only nominally 57ma; actdally they are atiout 0.2 in.
mialler in bape diametor than tie linara now beirig used in ahells.

This table should ha veferred to in reading the discussion that foliows 4in
orvder to ascertain the combinstions to which any etatement 1s known frxem
wxparimont to snply, amd thnss Lo which 1% oan be =ppllzd cple B infzrence.

FFEETwA W

™me followling statemonts brieiiy sumamsri=e the pressnl stale ol Wi~
wdge of the dependence af flutad liner performancc o tho primary dsaign
parnsst=r3 for fluta typas ¥, TI, TV, snd V, These may be cunaidered "alaeple"
fluts dopigns, and follow ralativaly oimpls smparical laws. Type III NMutes
follow more eomplay liws bediuse of thy additinnsl warishls, {ndex sngzls 8,
whiah i peculiar to this purticuler designg All the nown amprote of beharior
of Type TIT flutes arw discussed sapacrately™™,

For typow I, II, IV, el ¥, then, the f0o)'~ving relations have besn foums

(1) f;it-! damth:  For r;pﬂll I, I and TV thm optimwe frequency of spin
Ja sppraximately s linear funotion cf flute depth, the magritude cf
vy innreasing (regurdiass of directlon) with increasing flute depth

(20), (21). Departuras Ml lirearity are found at both very maull
and large flute depthr, bat thoms mee A7 Tiddia practionl departance
bacsuae of the las-compenaation fremenoian ctiached {o the formar
and the low panatrations obtained with tha latter, Tu.:im with Type ¥

flutew have, an yat, revewied no systematle waviation of ¥ with flute
depth

WL i oiperimental dats prosented in the following, the exparimental

conditivne arw am follows:

C.Z.T. (57am Mnors) - Targsis; wlld atsal
Btandogf, 6 in. (3.7 chg, diam.)
Churge confinmesnt, 1/h in. aluminus
FoTe & R {105mm linexe) Tacgei, miid sisel
Standeff, 7 1/2 ine (2.1 chg. diwm.)
Chergn conlinement, 3/0 in. stasl

The experimentel cenditions wiil affect to wome slight extent the
avaluation of opilmum Jreguenciss and to a much larger extent ths
1avel of parivrmsnse achievesl and the variablility,
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e a/R
e LO05 0.010 0,008 0,00 0,925 0.0 0,035
%uunTImt. of Teoh, | J v e
} Type II Flutes
o m. -
YO L 4w 14, A « 0,084 e =00
n o 1. 3 hh
< - bO0 ¢
;'aw 0, !
\!-.i ’- O f/O A 1 .m &!
-] “~ -
* /0/( 1
-4 00
108} 3= ,@’ »
~ ” - 300
g -
0 Pl P T L .l n SO
0 0.00% 0.010 U,0Ls 0,080 0.09% 1.030

Nute depbh  (in.)

Vig. & Depevdmcse of optimm fraqusssy on flute dupih for Type T ad 1) fiutes,
Tha Dedtdtd are iniemwratad an bajing indloativn of a fund ¥ lnesr
mlationahls, Adwwugh 1i 2l grnerslly sasked for thess typos of flutea, Yor
the Pype {1 MNuten, both the shape of tha suter surfece of the liner and tha
porpiraiion obiained are consistont only ovar the middle of the range of fluta
depths ocovaced, and a good linesr oorrelation iam obtainad cver that rangn,

Por thy Type I fwtex, the wxteried [lute shapen bmoows progieusively snarper
ap fluta dapth lncrausea over tha entire renge,
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r Carnegis Inst. of Teoh,
200 Tyre II Futes BEN
i ’*,_-—-nh— R S7we Liners -
e ‘: % U0l
‘IK. L On.
- Pl ~2? - 1.2?‘1:\. %0 =
q A0 - / '
= .
& s o bl
Vs v
[ ]
N 7 S e e et 0 g
»
~4-100
-1 -
ot SO0
S L VRS WSS SR i [ O §
0 L ¢ 12 16 20 h Z0

Mg, ¢ Dependence of optimin frequenay on nimber of flutes for = mories 57 $7em
liners having Type IT fluler of ucnatant dopth 0,016 inoh,
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r . e
, ’ . Fleastona 1, & 1, 00
carnagie Inat. of ,
161 Teohnoloyy b Typa IV Flutea
II Flutas 10%m Cones
1. ] fione 3 ® A= 0,094 .
A = 0,05, [ ® % = 0,062 i
f;\i‘ D= 1063 in. f"’\'h‘ D - 3.5 Lﬂo g
8l 1 b
B o g
~ h \ L 1} :
a | \. i . .?
i 0 ey ‘.‘ 4} b - . R :
. = " )
n ) :
g b} & 5 *1L— ® o
(] 0 - / h‘" d b
[
‘e 18 \‘ T \ K ] 1‘?-
=" c- ' - \
-16 - "h— %
L i . ] 1 D R
( ¥y ) i & To o 120
Yumbar of Flutes Humbarr of Wiutaas
Fig. 8 Dapendenocn of w,/a on number ~i flutee Cor Type IT and Typa IV flutes.

Tive optimum {requeiay hes Duen divided by fluta lepth in order to pemmit
uss ol mors dita. The similarity of the aurves for swall and large linera,
sepeolaily viun N 4s noarly oonstart, s partioularly noteworthy. From
the Firns*ne data, dt appears that wall thiokness considerably affacte
the relative magnitudes of the mamimue 9,/a for sanll and for large
numbers of flutan, 7Tha number of flutes at whioh reversal in direotion
of aonpmaation takas place ia not » funotien of wall thucknnas, howevar.
In Fig, 9 the thickneaa of the wall ip taken into mccuunt wwi a single
curve chi:ained for all llners of a given flu - type.
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Flota of typical data are shown in Fig. 6; further evidence is
presented i:ier in discussing a4 general correlation formuls.

(41) Flute rmmber: The dependence of optimum frequency on the ruxbver
FFTE%'B 400 compiox to be briafly expressed, ' The experi-
mintal evidence showa that for Types I, II, and IV, fiutes tls
optimum frequency first increases with increasing mmber of ilutes
to a maximum at about n = 16 (17}, (22). Further increase in n
produces a decrease in v, until, at about n = 32, no net com-
pensation is obtained, ~Still further increase in n rroduces a
reverr-l in the direction of corrensation; the magnituds of ths
optimm frequency increases witnh inrreasing n, but approaches a
saturation value for ns3 50~{13).

For Type V flutes, no significant variation of v, with n has been

A plot of experimental results for 8 <n%<2) for Type II flutes is shown
in Fig. 73 in the tests represented, only the flute number was varied
o In Fig. 8 1s a plot showing compiled results of a larger numher
of tests with Type II flutes (57mm) and Type IV flutes (105mm}; the coordinate
axes have been riormalised 8o as to permit combination of results involving
variations in flute depth.

(111) Wsall thickness: The best present estimate of the effsct of wall
88 on compensation is that the.‘,optimn frequency dacreases

with increasing wall thiclkness as 1/A°. A rapid decrease is to
be expected on theoretical grounds, but wmore cdata are needed to
verify the form of the relation. Wall thickness has a very
drastic inflvence on the potential penetrating power of a fluted
liner, aside from its effect on optimum frequency, which iz dis-
cussed later in this chapter.

(1v)  Offoset angle: The sccumulated evidence from variations in
cates that, for values between O and 30°, variations of
reasonable magnitude have little effact on the companmation
(22), (23), For angles greater than 3°, variations Leccss in-
creasinsly izportant, in agroement with theoretical considerations,

While the Firestons iteste have not included sufficiently long strings
of homologeus designs to lead to the above conclusions separately, Winn haz
8cel up an empirical formula including all of the major desizn parameters
except (¥ (which has not been verisd in general) and 8 {applicable only for
Claes IIT flutes). The formula to which he fits his data $a (8), {9),

fin) = vo'r'2 =

where T! is derired as the minirmm thickness of the fluted cone. For the

IV aid ¥ liners ussd imost by Firsstone 7' = T -~ a = (X -« u)R, It is

dosirables here 1o use & wall thickness that corresponds more nearly to the

wall thickneas of ths blanks used for Typs I, II, amd TII fiutes, so thst

we can comparé correlifions. For this reason we shell Liere use an avsrags
TV s T

- 1l . o
thickases === Yor the Tyve IV fiutas,

211
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We shall take another liberty with Winn's correlation in order to
bring it into closer agreement with the remarks made above concerming
mealing, If the Pirestons formula is rewritten in terms of the dimsnsic-
lesa parameters defined earlier, it y.lclgu

f(n) = Yo -
implying that, for scaled liners, v, varies as 1/32. Actnally, the
Pirestons data that are correlated involve such small variaticas im R

8 ,

 thyt one can equally well Juati.ryuningz

f(n) 'VYO %‘ R,

vﬁch would agree with the remarks made above. GCloser agreement betwsen
C.I.T. correlations vith STam liners and Firestone's with 10Sam liners
is obtained in this way.

Fig. 9 shous correlations for 5Tmm liners with Type IT flutes and
for 105mm liners with Type IV flutes, The generai similarity between the
two is evideat. It is also interesting to note the differences, which ars
presmadiy due to the difference in the type of flute used, The Type II
flutes tend to give the highest values of £(n) for 16 flutes, whereas the
Righest values for Type IV flutes sre cbtained with about 50 flutes,

Ihé most interesting feature of the type of correlation showr in Fig. 9
is that it does pemmit a reasonably good correlatl-= uf tests that are not
simply related (i.e. are not parts of strings of tests). This fact lends
oconsiderable support to the remarks abovu conocerning the dependence of v,
ous dosign parmwsterrn .,

2
i

The bahavior of Type JII flutes is best described Ly considering series
tests in wlich only index angle has been varied. The results of a series
tests with 1 5/8 in, chargee containing limers with 16 flutes of maxiwm
apfh 0.2_15 in, u':ﬁ illustrated in Fig. 16 (19). The relation betweez
cphlaciu Troqency index angle is, of course_ cyclic, repeating itself
at intervals of 350/n degrees - ﬂut’u, at 22 1/2 dogr:o intervals for
ihe 4ase fustrated.

QR

Ii, is evident from the plot that variations in imdexing alons, and
the sttendant .changss in relative magnitude of the casreting mechanisms of
campensgtion, cause drastic variations in optimum frequency. The range
oovered in the expyriment iliusiratad is from +275 r.p.8. to =250 r.pe8. =
l.e.. a of 529 r.p.s. Of ospecial academic interest are the index
mglee 1 1/2 and 11 1/2 dagrees, at which the ocompeting mechanisms
exactly baisnce and produce saro optimim frecuenédy. Of more practical
interest ave the indoxings - /?/~» #22) emd 4 dsgresg, whers ihs largest
(absoluts values) cptimunm frequenciss were cbtained., it is evident that
these Lo 5 deflianlls prslerencs, oa s basis of penetrating abllity, for
the 6 degres index angls, :

The results illustrated in Fig, 10 have now been substentiatad hy
tests with 105um liners (10) that ars approximeis s2sled models of the
Se= ldnera uaad i the origizal testa. The results of the largsr acals

- %3aYs ars caupare@ in Fig. 11 with the original; tlhe cloze agreement

betracn the twe 2sis of obmervaiions is svidant,
232
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63 > QCarneple Inst, of Tech.
Typa II Fiutes
S7mm Liners
? D - 1.63 m.
M 20 ﬂ\ //O/
T O
| 1 L 1 1
o 20 ko & 80 2100
Number of Flutes
Firestone T. & R. Co.
La. Typs IV Flutes
105mm Liners
20L_ D L] 305 1!\.
¢ do—d~
- G
‘ -mr.
L 1 1 S
v} 20 40 €0 80 100
Number of Flutes
M. 5 Correlation of fin) = V, k— R with number of flutes

Ior both C.T.T. and F.weatom data2 This is a modification
¢ the correlation function V, nged by Winin, The
mtarea*ing feature is that & conai iergbh variety of flute
doanthe, nunbera of flutes, and wall thicknsases are covared
by the onrrelation. This indicates that the functiun dows
really dep-nd, to a reasonably good approximation, only or
the numbar of flutes, The sinilarities of the two surves
ars wvident, sespocially as regards location of maximum and
minimum values, and the null value of tha funntion. The
dasimilarities are =2lzo of intersst ..o Lhay ars "es-
sumably chiracteriatis of ths different flute designs,
The existence of auch a corrslatica supporiy the conclu-
sions drewwn from indiviuua] sxpsriments concerning depend-
ence of optimm fraguensy on ths various individusl
parametara of desim,

n
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Carnegle Inst. of Tech.
III Flutes, STmm Li:wi's
- 0.051;
A= 018
2 s ¥ tn m%"’
[ ] . . . c B
? g (Ponu::;ation) /,/~..~__‘ .5
. / 1544
;',' y 8 SS
. \ ol
\\ -2
v e \ 254_1
\ \\‘ w
\ | i
—4+ k i )13 20 1{,
,\ / Index Angle (deg.) \
e 2N \
m- \\ // C'III"’O A \
o9 (Optimum Frequency) S
" 3%6%7n

7ig. 10 Variation of optimum frequincy (Curve A) and of penetration at cptizua
frequency for a specific group of liners with Type III flutes., Sketches
illustrate appearance of liner profiles for several index angles. Varia.
tions in penstration are dus to varisd degrees of necking of the flute

profile. 8ketches illustrate chsnge in flute conlour wi

mgle.
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Fig., ii Compariron of Firestons tests ¥ith 105w liners having Class III flutes with
results o: STm= linern, Coordinate axes are novmalised o per=it comhina.

tion of data.

Since e two sets of liners and charges wers act ascurate

scaled models, sxact quantitative agreement is not to be expected, The
close qualitative similarity suwbctiantiates the original C.I.T. abssrvations.
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Carnegie Inst. of Tach,
11T Fiwtan, Shem 1inare
= 0,018 nelb
D= 1.6) in,

(ropes-?
B

hiao Yo®, /n

- @) Rxperimental pts, A= 0,078 800
wmmlvrve Trom My, 10, e D08

., o0

’ 200
. N

u—.sk f - P 1!'-5 ) ‘.?:; 0
L , Indox angle (deg.) Y
: \ e L .// \,\ - 200
-1 b .
g \\‘/ " i)

g

rig, 12 Oowperisou of eplimum iraquencdes at verlous indoy: angles obiained with
1iners of 0,043 in, wall thickness and with 0,045 tn. wall thiokneea,

The

Vi (ia.feec.)

agparisdiatlal pointe represanting thw thioker linsrs are tantative and suhiact

ta alight changen pending compistion of gauglog analysis,
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Cuinogle Inut. of Teoh,
Type II Futea, STwem Linera
N w 00,08} n= 16
D= 1,03 in, 4 &0
NMe 0091 (&~ 0.028 3n.)
~ UWOOL @A 0,004 (a=0,011 in.) 14
3 ™ 0,018 (8 ® 0.018 in.), from Fig. 10 %
&
[ Y u "A\
L] - - U0
mL " —_
/ 1™
. s 0 3
D T A ¥
" \: ) » r Yrlax Angle (deg,) 00
1 \ y \, .4
—mm . ‘\ "
‘ i N"'h-/ \-l-.q. --“ J‘m
n-'lm b '1'“
O
L e ey o e e e Lo . .

wg, Vi Cowmpurloon of optimum frequenciak ac varlous ipdax anglee for thraa flute

deptha, The uzpariments) points ara Lentativa and

pavring anmplatlon of gauging anslysios.
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A brief series of teats has also been campleted with linsrz formed
with the same dies used in the experiment illustrated in Fig. 10, btut
with liners of approximately 50% greater wall thickness (0.063 in.
instead of 0,045 in.)* The resulis ars compared in Fig. 12 with those
of the original tests, While the gens al featurss of the two sets of
obtservations are very similar, there is same evidence that the ratio
of the optimumm frequencies obtaimed with the two different wall thick-
assnes variss with the index angle and that the indexing at which zero
compensation is observed may also depend‘upon wall thickness. If these
indications are substantiated by further tests, it will mean that the
behavior of Typt III flutes cannot be reduced to simple empirical re-
lations 1ike those described above for the simpler designn,.

e

St111 a third set.of experiments ' are illnstrated in Fig. 13, In
there tests, the wall thickness of the liners was the sam» as that used
in the originel tesia (1.e., 0.045 in.) but two different flute dspths
were used, ons shallower and ons dsepexr than in the original seriss,
Both sets of observations exhibit general featuves similar .o those aof
the first tests, although there is some unsubatantiated evidencs of
variations in the indexing that produces sero compensation snd of a
non-linear relation between optimum frequency and flute depth for a
given iwviex angle.

The fact that ths behavior of Type III flutes is even more compli-
catad than that of. the four types formed with single diss should not be
saprising, Varisticas in the additional variabls, 8, produce comrlex
changes in the mometry of the liner, and, consequently, in the shock

. interacticns that affect spin campensatiom. The very considerable
tachanical advantages of ths Type IV flute, which are discussed more
fully later, more than recampense for their more complax hehavior.

The fl:ting of a liner can also affect itu potential pensirating
power quite drastically. Bven though the impulses involved in cam~-
pensation at spin rates attained thus far are too small to appreciably
affect the basic character of ths cone collapse or of the jst formed
(1.e., specifically, ome does not expact an apprecisble change in the
distribntion of energy in the jet), it is quite ovident from both
Firestons and C.I.T. experiments that mechanical strength effects
govarn Yo a very largs degree the depth of penstration ocbtained at
oplisme mciaomy.a This im to b expecied of liners having limsar _.
fivtes (1.ee, 4 = g constant slong the flnts), since all theoretdenl

ani axperimantal svirdence indicates that the ideal flute ia far fiom
Iiwanz, .n o linsar ~~ anv other nom-ideal finte. ths varioua

% portion ¢ ihay datz vsead will be found in referescs 2l. Ths
reaisics havs not been reported at the tims of writing.
¥¥iot yui repcrtied st time of writing,
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élements of the liner tend to compensate at different frequencles rather
than 2t a common frequency of rotation. So long as the natural frequencies
of adjoining elements are not too different, or 8o long as ths liner wall
is safficiently strong to resist the tendency for relative rotation of the
elsments, this causes no serious difficulty. But if the liner is badly
necked in the fluting, the strains set up by such a situation cause the
liner to rupture instead of collapsing coherently and foming & jet.
Theory, however, cannot be made to yleld a usable design. The task of
determining the ideal form of a/R as a function of position cn the liner
mst for the present be an empirical one and has teen undertaken, but no
reportable results are available as yet.

The experimental evidence of deterloration in penetration due tc
mechanical strength effscts is best 1llustrated by means of correlations
between the depth of penetration at optimum frequency and the minimum
thickness of the wall of the fiuted liner. (Ususlly the minimum thick-
ness is found near the base of the flute, where necking occurs), Fig. 14
shows plots fur both C,I.T. and Firestone data (6) of correlations
between the maximum penstration observed and the minimum wall thicimess,
It 13 evident that there is a critical value of the minimum wall thickness.
When the thickness falls below this value, the penetration falls off very
rapidly with decreasing thickness, There is, of course, a sscondary
corrolation tetween flute depth and maximum penetration for any homologous
series of cones, because increasing flute depth inevitably produces more
pronounced necking of the liner wall and decreases the minimum wall thick-
ness. Analysis shows that the primary correlation is that with minimum
wall thickness, however,

One of the most interesting observations of this sort has been mada
in comnection with the indexing tests descyibed eariisr. If ths two
curves, Pv versus § and Vo Versus 6, shown in Fig. 10 are used to

o
eliminate &, the plot of P y Versus v, ahmm‘ in Fig. 15 is obtained.

Sych a correlation is of prgctical interest although, as pointed ot
above, it doss not represent any fundamental relationship {these same
liners are inclnded in the general correlation hetween Pv and minimum

o .
wall thickneas shown in Fig. 14). Fig. 15 shows that for Type III flutes,
within the limits of optimum frequsncy fixed by the valuss of yu, A\, n,
etc. used, one can obtain a given magnitude of optimum frejuency by four
difierent indexings. But, because the differont indéxings result in
different degrees of necking in the liner wall, different penetrations
are obtaineC, -- *hat ihere is & clearly optimum choics of indexing for
overall performance .

*Caution must be used in guneralising from Fig. 15. It applies only to a
specific group of liners and does not in arny way represent limitations

con sitvher the opiimum frequsency or the depih of penetraition that can be
obtained with other designs,
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Fig. 15
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tomelation batween peastration av optimm frequanay and

e optimes [requenay of retation for a partioular grevp of
Ynera having T8 11! flatag, the dndex angle baing varied,
Yor eny (absolute rapnitude; frequenay wp to i50 r.p.e., aY)
ons of four index angles oan bs uned, Cinly the one having
the greatest minimm wall thiuknass e of praationl tntoraet,

hoverar, hacause 1t ylelds batter pmnatration than the others.

Consequantly, only those Yirsrs corrasponding to Lhe wpwr
lnft branon or the ubova plot (Ag* £ 2 & dagress) are of
intavest, Maws lluows of this nsries follow the oorre) ation
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¥hils compromises betwsen wall thickness and finte depth can
t=porarily provide suitable combinations of optimum frequency and
maximam perstration, the ultimats sciution iz to sliminate the
influence of mechanical strength effects by use of appropriate non-
linear flutes. ,

Miscellaneons Obssrvatiums Pertinent to Fluted Liners

(1) Futed steel liners (18) and fluted aluminun liners (8) have
been tested br C.I.T. and Firestone, respactively. Naither
showed any spin-compensation henefit to oifset the intrinsi-
cally poorer penetration by steel and alumimm Jets.

(11) Fluted trumpets have been tested briefly by E.R.L. (2) and
C.I.Te (11), but showed no sdvantage over fluted cones as far
as the tests were carried, They are consideradbly more
difficult to mamufzcture, so that no further tests are
planned unless experiments with smooth trumpets give evidence
of nome presently unknowm advaatage.

(141) Spirsl flutes were first tested by B.R.,L. (2) and more
reoently by Firestons (7). No detectable advantage over
straight flntes has been observed. It is entirsly possible,
however, that spiral flutes of mmaller pitch than have been
used might afford considerable benefits (See ChapterIl).
Theoretically, it is possible to reverse the directiom of
the transport offect by using a tight emough flute spiral,
and make it reinforce rather than cugpets with the thick-
thin effect. Accurate spiral flutes are more difficult
to mamfacture, tut not exorbitantly so; the benefits
derived may well be worth the extra effort involved.

(iv) Oymmstrical flutes have been tested by C.I.T. with no
significant results except to substantiate the dependence
of poretration on minimm wall thickness for flnted conss.

{v) BSpacial 1iners to which Thomas' %heory (L) carn bs spolied
have besn obtained by C.I.T., but are not of syfficlently
@ality to Justify testing, Thoy have alna-wave flutes
with well thicimess varying in an ymzymmetris manner (16),
aad ave extremsly difficult to mamufecture to cloae tiler-
snces, They are of purely academic interaest at present.

!nr_*iebilig_ iy Performamce of Fluted lipers and Tolsrances Remired

Exhaustive gaizing daia have been obtainsd ULy both Firestone and
C.I.T: oa 513 fluted liners tested excmpt tho earliest lots. C.I.T.
has developsd and built @ special tremcducar ghuge (35) for itue
purpens. which gives very precise mesanvenmante and parmanest.
racorts of a1l weasurcmontai No statistical wests have twen mads as
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e with any kind of fluted liney, howsser, sinea oply =mail manbara
are gbteinad, in genersl, and w1l are needsd to detevmine relations
betweon peratration and apin fraquensy. Conciumions conimining
tolerances amd thelir effeol on perfremance et be drswn from a

Qalitative aurvay of observetions on wany loos of 1inurs,

Ths aoouwuAG e daia Louicace Liat, for the ‘ypes of linars
tasted to dave by C,I.T, nnd Firestona, variations of the magaitudc
givon belw yiold perforumtos that 1o not spyhreclisbly more erratio
thon that of equivaleant mooth lLinerm

Paraneter Fermiasrille Toleruncs (Nomiawd )

4Py 10%mm

[ ¢ 0.00) in. + 0,002 in,

T » ¥ 0,002 1, T 0,004 in.
34607 /n 215 alimtes 115 mmtes
Y s 2 degrems 3 2 degreas
* 15 miwutes + 15 nimtes

Y e T Ni&lﬂ mabtandad a2t the axia W aanh riits.
T Wleranoaz ot zra mmsvhal consarvative, Quite I'espagtanie
peyrtormante nonld ba mypgeded wich sumawhat mord libaral fipures.

e nuse of the $Tam oones, sspecially L. the early tests, '.. variationn
A test pioces havw Leim mach larger than the tolearances given, There
SoURE RO FeAROR, [iswivar; wiiy reasonably careful technigmes ajg no’
be cemahlo of procdding plecer well within tis specificatioom”.

Toe shapes of the flutes must alsc be gonsistent, of coursw,
although 1t 19 d1fficel® to give quantitative tolersacoe For shapa,
Other parsmptars should Lia kept to the dame tolsra,ces that have besn
sstablished for smooth liners.

Maihoay of Mammfecwring diutey 'inary

One of the :hief obatacles in early iwsearch on solw-acapansation
was the pracurement of suitabla test plecee. The diffioultien now iwive
Lean vy lergoly ovorcuse, sliluagh mamifactucecs undertaking iae tesk
ot prahiciig Dudzd linare faw tha Fleat tlea gtil)] oometl wes experionta
cururrence of the old *wuublew.

»7For datailed donoripiion oF varishility o2 mewsral +pecific inte of
Sme Madxa, sas "Hiiated Charges®, CIT-ORD-RZZ snd CIT-(RD-RZ3. Firo-
atons capurid hive lasluded detailed [iuie depth neamremaqis on nearly
all linors tanted,
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The cnly significant method of mamufacture used tc dats is pressing.
Firestone has mede extensive use of machined liners of Type IV desimm,
which are entirely satisfactory for laboratory purposes, for that one
design only., The mesthod i3 entirely urisuited to quantity production.
Die casting has baen conridered many times, but thus far appears unlikely
to yield pleces of adequate homogeneity or dimensional stability. It
is improbable that dis casting could compete with pressing on arn econom-
ical basis, in any event, Rlectrodeposition of liners with flutes has
also besn considered, tul mever been attempted. ‘liere is 1ittls chance
that such a procedure would be competitive either economicalily or in
mality of product.

The first step in any of the mamufacturing p- >cesses is the machi: -
ing of a finted punch imale die), This has bezn done, in cases where
flat canted surfaces were tolerabls, by simply machining the flutes
direotly irto the punch with a milling machine. The more common pro--
osdure, which is necessary in producing the more desirable canted sur-
faces in the form of sros, is to form a scalsd-up replica of a single
flute by ailling, and then duplicating that profile on a smaller scale,
any desired number of ti=es (depending cn the mumber of flutes spec-
1fied) on a biark punch by means of a pantograph milling machire. For
Liutes whoom Gepth is a linear function of liver radius, a rimple two~
dimensional template seirves as an sdequate tsaplste. Fdr non-linser
flutes, a three-dinensional replica is necessary. The National Bureau
of Standards has developed a besutiful mitomatié¢ guide arrangswent for
a pantograph machine, in which a two-dimensional template can be made
" to serve for either linesr or non-linear flutes.

Mosl of the commercial suppliers of fluted liners hare usei
matching filuted dies, the ferala being hobbed frm a fluted punch. The
chisf requirement for piroducing swod pilecas in thisz manmnsr is an intinate
Imowledge of tachulques for meking accurate dias, hsat-treating to
obtain maximum die strength, accurately controlled hotbing, and goad
technizme in forming liners under conditions that prodiuce umisually large
stresses in the diec. In using matched male and female dies to form
"Type IIX flvtes, provision must also be made for accurate control of tie
indexing of the diss, Type IV flutes are formed betwesn a fluted female
dis and & xmooth matal punch, Type V between a smooth female and a
flutad panch. It has been foand highly desiyeble to use loads of the
crder. of U0O toas in forming STmm liners and of ths order of $00 tons
for 105mn linsrs by this method. A relatiwsnly slcir preasure spplication
and 2 brisf "dwll® at peak pressure (of the order of 4O to 60 seconds
tetal; has =350 bssn found desirabis im order to raduce elastic recovery
of Ui liner matal and ss#urs acourate renroduction of the flutes,

This fachniGue require® use of a hydrsnliec press, but the process can

b& CumeassTELLY w=udsinraisa oy uaing mecuanicau presses and enginmering
the djas te allew for a cortain smount of elastic reocovery. Anmsaling

of the blanks prior to forming wold bo dezirable under those circum-

= yom s
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Flima and agencias thabt heve used this mathod of zanulacture
fucluda:

Frankford Arsenal
Bridesturg Station
Fhiladelphia, Penna.

Wantincheiam Flactyic Corporatinn
Eaut Pittsburgh,
Ponnsylvania

The Pally Dis & Mold Cenpany
2900 Bradwell Avenue
Oleveland 9, Ohio

Masun, Shever & Rheslon
Fifth Avere & Congrets 8tireat
Rast MoKeasport, Peins.

Bastarn Tool & Manufaoturing Company
1 Montgamary Streat
Beliavilie, Rew Jesewy

The ot of A Ao lete pet of dies to forw Type TTT flutes haw uvaun??,
bosn of the ordar of $1000 fui 57mm Liners and $1270 for 1D5ma linwrs.
The coht 48 lsaa, of coursn, for Typs IV and considavably loss for
Type 7 Iutes,

The Typo I and Type XY Nuios aro made by 2 =athicd doveloped at
tha National Burem of Standairds, Instead of using two mntal diss,
in m:.& ousas ons (mmooth) dis s fitted with a coniocal rubber pad.
Tiw blank 1inar 1a than pressed botwean a fluted toni and its rubber
padded mate. Recause the Fucasu of Stardarde 4id ot haww » heavy
prass at the time this work was Laing donn, ajl flutes of this type
were formea at loads of only 75 to 100 tonn. As u result, even tha
#ide of tha liner formad hy the motal die did not oonform axastly
to the die; the sido towssd the rubhar nad was alwayn formed with
very wich roundad flutes, of cairse. *lthough thiz prooans wes
nltimately developed to the point where maiinfuotory reproducibility
oeuld ba ohtained on a laboratory scale of pevktuction, it meems
delinltely unsulted to maaz produsticy. The Gemin Lahovatorry of
Brookdiyn im the only soimsreial supplier %o use thia method.

he Bureau of Standsrdy algo developed a procedure o maiking
fluiad famals Adiss without hothing that may ba of conatderabls
potantisl imnortance, The technique coneisted of eleciindeponiting
a pohalt-phogpheorous alloy on & Tinted punchp wery soccurata replicas
wary ohtaimed in this manner, Tha cobalt-phosphorous dis war then

god i e toul-stesl blook for uas in formdns Vinarn, The ®amin
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Labrratory used this same procedure and applied loads of 360 tons to
the dles without demags. The technigue is mire expensive than hobbinsg.
end could be used by fewsr syppliers, tat might he usaf™l in cuses
whare extreme die precision is required.

Means of SpineCompensation other than Fluted Liners

(i) The use of spiral detonation gnides (varicusly called
"lawrmowers® aad "spiral staircases®) to guide the
detonation wave in sections along separate spiral paths
have been testad by Firestone (5) and C.I.T. The
techrique introduces a component of impulse in the approp-
riats direction for spin-compensation. Experimsnts
indicate that the principle operates as expectsd bat that
the optimmm frequencies attainahle without excessive lose
cf penstrating pover are relatively low,

(14) A techaique of fluting the wxplosive adjacent to a smooth
linar has boen tested by C.I.T. (1i) The flutings were
simijisr tc thoss ordinarily used on the liner. Spin-com-
pensation was cbserved, as expected, but the procedurc seems
unlikely to afford as great benafits as fluted liners,

(111) Very recently, Fireatone hes carried cut a series of terta
vith smooth liners made by a “shear-forming® provess . The
liners wore very well ma’s insofar as dimemsional character-
istics are concerred, and the chirges wers of standard
design. The shear forming procsss, however, tends to produce
spiral deformations of the liner, even though thsy msy be
invisible to superficial inspection. The deforsations may be
maniferted in the final product by asymmetric variatioas ia
density,.metallurgical properties, or dimensions., Liners
nade process had previocusly been testad staticslly
at D.R.L. and found to perform poorly; these results had
prompted an analysis by Fagh (25) that msy have some bearing
ca the Firastone results, '

Firestcas fired shear-formed liners o2 %0ma sise at seversl
different apia rates 2 obieining the penstration depth versus frequency
plot shown im Fig, iS5, The liners showad a dafinite and, for linars
of ths size, falily large optimum fraquency. Tho tendency of these
Lnsrs Lo caponsete (or spia is présumably GEs W Wi asymEswles
c3used by Ws methcd of mamufaoturs., Mich more axnerimentsl work must
ha de== hofors the nractieal sigificanes of this obsesvation. ean be
evalueted.

»  For.y \4l=t) Progress Report of the Firestone Ti.re and Rubber Co. s
on BAT Project, Contract Noa. DA=33-019-0iD-33 and DA=33-019-0RD 1202,
R nranarted. Bditorial Hoter Thesa inwestigatdons have been reported

- N i ’ LY ~h K Y
ond flseneasd iy wnafirancaz £271. (28), and (29),




Conclusions, Future Prospects in 5pin Gompensation

The only important development to date in the field of spin-com.
yonsation is the fluted liner. The other techniquss described above
haw been only curscrlly investigated by experinment, but theoretical
consliderations give no hope that they would provide less complicated
or more practical solutions to the problem. For the present, it
seems best to conoentrate on the fluted liner and contime its develop=-
ment. '

So far as fluted lirwrs are concermed, thers 13 a5 ysi no $videmes
of any benefit to be giined hy using materials other than copper or
shspss other than conical, Tests with a great «—aristy of smooth liners
{inclnding cylindars and truapets) and with raricus types of dstonaiion
wave shaping are being carried out in comnection with fundamental
studies at nearly alii of the interested laboratories and the results
inspected for any possible advantages in spin cospsnsation. Until some
ovidenoce of ‘a potamtial denefit is found, there is littls profit to
be gained by axtensive experiments with varied types of fluted liners,

02 the various types of flute tested, the Type III, formed between
.Aatching metal dies, affords thc greatest promise for practical application.
Types I and I1 have oxhibited no real advantages in the form of higher
optimm freqency or bhetter penstration and have a very grave disadvant-
age for application in that the shape of the liner surface adjscent to
the padded die is not controllable. This uakes {t very difficult to
design liners for a specific optimum frequency and at the same tizc
teads o incresss variadbility of perfomancs.

Ype IV flntes do not involva the lack of contrel in memufacture
and have been used to very good advantage by Firestons in developing
a highly satisfactory liner for slow-spin 105am rounds. ' They lack the
versatility and potential benefits of Type ITI, however. The possibil-
ity of indexing Type III flutes makes available greater fflute depths
without oxcessive necking of the liner (and ccnsaquent decrease in
penetratizn} snd without uesing heavier blanks (with ths attendant drop
in optimum frequency). The Type III flute has a very considerabls
advantage that is peculier to it zlone in that the ocotimm frequency of
1inars produced with 2 give ﬁi‘of 63 can be adjusted over s wide
range by merely altering Ing. , the designer and the
mamfaciured are relisved of the nscessity of designing ani making dies
that will yisld exectly the desired optimnm spin rate. Tvpe V liners
appesr to have only acadamic interest, btut are important in that reapmct
for the cpportunity they aifcrd of bevier undorstaniing of the spin-

Graoohoa vivn ProCoas .

The determination of the prepsr variation of fiute dspth with
position to have all elements of the liner ccamponsate at the #mwe mpin
rete 18 the mosl Important peehlom at pretent. The iipsar flute used
thme fap i3 sdamate for STen HEAT at present stariard spin rotas
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(about 210 r.p.s.) and for 10%mm HBAT slow spin sheils (to at lesst
50 rep.s.). The optimm frequency attainable with linser flutes =sy
be pushed considerably abeve the present limits, but there sesms no
hops ._ achieving the high spim rates contemplated in proposed salll
calibre rounds (up to 1200 r.p.s.) or even tho present standard spin
for large calibre rounds without using non-linear flutes., The thsory
of spin compensation in its present state is of only nominsl holp in
this prodlm. The means of obtairing an empiriczl determination are
at hand, however, and tha task has been started at C.I.T. There is
no evidenoce as yst of any essential upper limit to the frequoncy at
which spin-campensation can be achieved, but there are obvious
difficulties ahoed.

Yor standard small calibre weapone (S7mm and probably 75ma) there
is 1ittls room for argument concerning the best method of eliminating
spin-degradation. Designs are alrecdy available and tested for fluted
liners that will provide performance at the standard spin-rate of the
STam H,B.A.T. round essentially equal to that obtaimed with smooth
liners fired staticsily. 7he development of a comparable limer for
75sm rounds should be relatively simple. There 18 no comparison so
far as simplicity and low-cost of gpplication are comcerned betweon
finted liners and the other methods available,

For larger wespons (50mm, 105mm, and larger), the situation is
quite different. In the !pccill case of the 105“ BedoT, weapon,
Firestons has found the slow-spin T-138 round with a fluted liner to
be the best solution.  Static, smooth cone performance is cbtained a¢
epia rates up to about £0 r p.s. with availsble fluted liner designs,
and ghells hevs becn designed that afford sufficient accuracy at spin
Tatos below 60 r.p.s. The dssign iz not a satisfactory solution to
ths gsneral problsm, however, because it requires 2 spaciai rifle, It
is neceasary to find a shell desizn that can be fired fram guns
currently in tha field or in praduction.

There are three alternative, exterior ballistic sclutions to tha
preblem under consideration, The concept of using peripheral jet
gngines on Wis shell o stop its spin before the target is reached
has not yet been adequately tented., Firestone; in comiunnction with
Plcatinmny Arsenal, has some test= plannsd, tut computations of the
toraue needed affar little hone +hat this msthod Wi nrpr—~ nragtice”

The use of bosring-mounted charges that pormit pait of the sheil
o spin; for etibility, while the chargs itself spias oaly slowiy, if
at 2ll; has ¥emn proven practical by Firestons and Frzakford Arsenal
axd by Midwest Rasearck. Two designs have been used - oxe, & tandem
arvengsment, im which the froat part spins; the other, e concaentric

arranoement In ohich the cutssr ahsll cading spins aboul a relativels
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slow-spinning core containing ths chargs. Either design seems capable
of providing charge spin rates of the order of 50 r.p.s. or less when
firad from currently standiard rifles. Clearly, a fluted liner isa
neaded to comensate for sven those low spin rates in largs shells,
and it immediately becomes critical to know whethsr the spin frequency
cf the charge is consistent,

A nmber of laborstories, both industrial and military have been
vorking on fin-stabilised rounds. Botn long-boem and folding-fin modals
have been designed that can be fired from standard weapons with apparently
satisfactory accuracy. Even these have a mmall amount of spin imparted
to thea (ordinarily lesa than 20 r.p.s.) to improve interior ballistics,
so a fluted cons might be desirable for large calibre shells,

- A ocomparicon of the bearing-mounted charge with the fin-stabilized
sh.lh is very difficult at present, becauss of the limitsd experience
with bearing-mounted projectiles, i t ssems certain that they must weigh
more than a standard spin stabilised projectile of similar calibre and
that the concentric design demands the use of a smaller-than-normal
liner, It iz not at all certain, howsver, that they will weigh more or
be =oe costly than finned rounds, The fin-stabilized shells involve
some complicetions in design and firing, but would appear to offer
the bettsr solution of the two for larger calibre rounds.

It seems clear, however, that any techniqus for reducing the rate
of spin of the charge must provide only an interim solution., Ounce a
fluted liner can be designed to compensate for the frequency of spin
of a standard round of any given calibre, it immediately provides the
mt b:.omnmt and oconmictl solution o spin-degradaticn fer that
ibre.
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R, v, Heine-Gs. .srn

Carnegie Institute of Technology
Pittsiurgh, Pennsylvania

Abstract

Of all possible means of defeating shaped cha,rgea,
the most promising found to date consiszts of a combina-
tion of glass and steel armor. The glass may be in the
fom of plates, blocka, or large balls, possibly in
conjunction with a suitable shock absorbing materiel,
This means of protection has the advantage of low density
and hence low-over-all weight, in addition to utilising
the abnormal stopping power of glass, which has not been
approached by uny other method of passive defense.

. Titanium displm abnormal stopping power to a much -
smaller extent., Recent results suggest that explosive
pellets qr.linear shaped charges can provide a very high
degree of protection undéf certain circumstances, but
thase last two methods have not been developed to ths
point where they can be considered practical.

Introduction

Tha problem of protecting military vehicles and other targets
against attack by shaped charges has been the subject of two rocent
papers (1), (2). It is assumed that the reader has access to thase
two papers: the current report requires some familiarity with their
~ contents, Instead of starting from first principles, az is done in
references 1 and 2, the present chapter will give a brief summary of
the siwuastion, and will discuss in detail the few methods of pratection
which appear most nracticsl at the present time. In addition, an
attarpt Will be smade to clarif:,- <ertain principles of protection which
809 f"’aqmntly nisunderstocd.

The scope cf this chaptor is further restricted to the problem of
preventing perforation of targets that are hit Wy shaped chargas
noglecting the problems of increasing mansuverability to reduce tne
prcb&bility sf a hit, of camouiiaging the target, or of designing its
interior 2o that a perforation will cause minimum dsstiucticn.

Weavons cther than shaped charges will also be neglected, but
it 18 vory likely that adaquate protaction againat shaped charges wiil
dufeat iinetic energy projectiles as well as squash-haads of compar-
sbiae caiibers.
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Survey of Poasihla Protections

It has long been customary to distinguish between "active® and
®passive” protection (3). The first type induces malfunction of the
chargs or of the ensuing jet. The second simply absorbs the kinetic
enargy of the jet,

Recent efforts on active protection have been centered around
spikes (4), explosive psllects (5), and linear shaped charges (6)
aounted on the ocutside of the tank,.

In the case of spikes, it was found that they are ineffective
against shaped charge projectiles with fast-acting fuges, although
thay had been jite effective against the World War II weapons with
slow fuses. Explosive pellets ard linear shaped charges are capable
of spectacular performance againat attacking weapons., The drawback
at the mament lies in the fact that no sensing device has teen developed
which will allov them to funotior only when required, without setting
then off as a result of small arms fire,

The design of passive protection is very simple in principle,
gince remarkarly acourate predictions regarding the stopping power cf
any given combination of materiais can be made on the basis of residual

tion theory (sce below). Defore comsideriny this type of pro-
tection in detail, it is desirable to examine some of ths pertinent
implications of this theory and to clarify certain prevalent mis-
conceptions regarding its applicability. '

Comments on Residual Penetration Theory

The hydrodynsmic nature of the penetration process was apparently
first recognised by the B.R.L. group in 1945 (7) and was schuegrently
refined and expressed mathematically by Hill, Mott, and Pack (8) in
Englari apd iriependantly by Pugh (9) in this country. From the point
of view of protection, ons of the most important consequences of this
theory in given by the "density law®

’

A T @
where dF_ is the panetration in material x end d!’y that in matarial

Y, oaci caused by = giwven Jet slsment of length dl, and whare oy and
-"’;f are the densities of materials x ard v,

Sinoe thie law is correct for the fast fromt slemanis of ithe it
ard definiiely incorrsst for ihe 51w rear ¢lsments, complete predioctions
regerding tha performance of various turget materiels (singly or in
cagbinations) coild not be made until the residual penctration thscry
wes dcvaicped by Pugh snd Firemsn (10), (11). This thecry, recssily
summariged in referencs 1, is wary impordant for the whole prebissm of
vaFnive protaction. 4 fsw of ilé aspects which ave periisviariy -

dnsnnant ars digscussed wve in soms deteil.
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a. Residual penstration theory compsrss ths stopping powers of
two materiels by using emal thiclknesses of Loth, the thickness 16 be
such that only the faster parts of tre jet will ba zhmorbed in the
materials unler swemination, Ths stcpring powers of he materials
are expressed in terms of residusl) panetrztions into a stendard saterial,
usualiy mild steel or armor plats, This methid i3 adopted in oxder to
compensats for an over-simplification inherent in the basic theories of
references 8 and 9. These theories asaume that the entire penetration
prooess is of hydrodynamic ch .racter, i.s., the pressure exerted by
the jst on the target is ~o great that the strengtn of the target
material is negligible compared to it., While this is nearly true {or
the fash moving front portion of the jet, it is not true for the much
slower moving rear portion.

In the procedure described above, the two materials under test
are used to sbsord only the fast portion of the jet, while the slow
portion is absorbed in a single standard material so that deviations
from the hydrodynanic density law will tend to cancel out.

b. Residual psnstration theory makes no as tions regarding
the shape of the penstration-standoff curve (Fig, 1) for the charge
under comsideration, but uses the experimentally determined curve to
predict the stopping powers of various materials. The simple density
law expressed in equation 1 is frequently visualized in the integrated

form rx/r, -@5;. This simple integration is justified only if all

the jet elements have the same high velotity, high emocugh so that the
streagths of all target materials may be neglected., ZSven then the
integration woauld be exact only for perfectly aligned jets. Since these
two conditions are never satisfisd ir practice, the few expariments in
vhich P:/Py was cbserved to be equal to/p_/p, must be considersd

sccidental,

To illustrate these considerations by just one e le, cconmider
the comparison between a sait alumimm alloy (such as 28; and a hard was
(such as 2)87). In the light of ths preceding remarks cne would expect
different total penetrations into the twc materials, the strong 2457
alloy axhibiting the higher stopping power. When the comparison hetween
the two materials is nade by the methed outlined above, the two materiais
oxhibil neariy equal residual penstrationa and therefore equal stopping
powers againet the fasl portiom cf the jet,

¢« The conical linesrs used in service wespons and in mogt
laboratory charges have epex angles in the nsighiborbood of « The
comments rwule under (a) concerning deviations frem hydrodynamic
theoory, and hence from the density law, bacome evon more pertinant for
illvera of larger =psx angles such &s the DuPont "Jet Tappers™ with
their 80% cones. In geaeral, the widar the cone angle the slcwer ths
izt apd the more readily target stzengtih will became apparent. Whan
loaltr e foy excoptions from the densitv lew ameng a muwbar of materiais.
8 wide-angle cone will identify the excepiions more readily than a
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narrow-angle cone, but it mist be remembered that a material which shows
considerable "abnormal® stopping power (see below) zgainst slow jeis
from wide-angle cones may display veiry littls of it against fast jets
frea suall-angle cones,

d. Residual penetration theory answers ths frequently raised
question regarding the effectiveness of spaced armor or siirting platss
es follows. The question 15 meaningless unlees the exact position of
ths akirting plate is super-imposed on the penetration-standoff curve
of the attacking projectile, If the projectile detonates at less than
optimum standoff, then the air space between skirting plate and basic
armor may actually increase the resultant penetration by increasing the
standof? more rmearly to optimum value., For charges fired near optimum
staioil, akirting piates will be effective only against reiutively
poor charges such as those represented by curve b in Fig. 1, but will
bs quite ineffective against the good charges whose penetration-stamioft
curves have the appearance of curve c.

6. According to residual penetration thsory, alternate layecrs of
high and low density material will provide less protection thin the
suw thicknsss of a single material having the same average density as
the lomipated target. An actual case is 1llustrated in Fig. 3 of Ref. 1,
where solid aluminum is shown to be more effective than a target of the
same thickness and areal weight, but composed of thin steel plates
separated by air-spaces.

Trus, while spaced armor or skirting plates were useful aga.nst the
relatively poor projectiles of World War II, they willi be worse than
useless against projectiles capable of defeating armor at long standoffs
by virtue of proper design and construction.

Design of Passive Protection

Equal degrees of protection can obviously be obiainsd from a largs
thicimess o lei donsilty material znd from a small thickness of aigh
d~nsity material. To illustirate this by an extreme exsmpls, nssms
tiat a giver charge gives a penstraticn of 10 in. of armmor plate at
optimum standoff and of 1 in, armmor plate at 2 standoff of 20 ft. For
this particular case it might be said that 9 in. of armor plate vrovides
the same protection as 20 f£t, of air. Since the latter has vbvimsly
esz areal density than the former, it might be considered supericr io
thz 2mor plate on & wolght basis. For practical purpeses the density
materials which might be considersd will vary from about 2 (magnesium
Dow metal} te abeut 11 (iwsd) or more probably from 2.7 (aluminum)
{
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As pointed ouv 1n some detzil in reference 1, penetration dicory
indicates that even cver this limitsd rangs of donsitiss, the lesw donse
material is always superior ic the denser material on a weight basis,
but, inferior on a thickness basis. Specifically, the following spproxie-
mate relations hold for most materials: For any desired amount of
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rotection, the required areal danaity varies as 1./ ./p, whilo the
%‘sq*“ re "onicicmasqgaries as Vp. To iliustrats t‘:\ia\',/—considcr 3

5 in, thickness of armor plate which is tc be protected sgainst a
shaped charge capable of perforating 10 in. of armor., Ths necessary
protection could !23 provided either by en additiomal § in. of armor
(about 200,1bs/ft J or by an additional 8.5 in. of alumimm (abont
120 1bs/£4°). Except for econamical consmiderztionz, it is primarily
a matter of weighing the thicimess advantage of ammgr plate (3.5 in)
against the weight advantage of aluminum (80 1lbs/fi<).

Glasse

The abnomaf stopping powsr of glass, first repartad by the
muthor in i945 (32}, (3J), has only recently bsen verified by two
other ressarch isboratoriss {13), (ih).

Briefly sumarized, the following observations have been made on
glass:

A. Its stopping power is nearly independent of its chemical
camposition or heat ireatment (15).

Bs A& glamsa target consisting of a few thick plates is more
effective than an equally thick target consisting of many thin
plates (16), (7).

C., Starting from mmall areal dimensions, the effectivensss of
glass increases ac its srezl dimension 15 increased, until the linear
dinension of the glass plate is about 3 chargs diameters (16), (17).

D. Targets made .of smooth glass plates perform better than targets
made of glass heving rough surfaces. Oocd mechanical contact between
all giass-to-glass and glass~to-gteel intirfaces improves the perform-~
ance of the target. However, the detrimental effect of rough surfaces
can be reduced by separating the individual plates with shock absoibing
materials such as thick plates of gasimt rubber (2).

B, Glass is most effective against the factest moving front portion
of the jet and loses most of its abnormal periormances when ussd o
abgorb thy glow rear portion of the jet, As a cerellary, the first few
platss la the stack of glesss plates are more effective then ths platea
asar the bottom of the stack {18). .

7. Glass is more affective ageinst copper jets vnan ggiinst ~oves
jets (19). It i8 very probable, bu* hoz ut yei been warified expori-
mentally, thiat glass is more effective against Jjets from ductllile materials
than against jets frcm more britile materiais. :

#hs term "ebnormal® rofers %o the fact that it does not bahave

lils g matarial of density 2.5 gn/cc, but rather iike a material
having wany timsc this denmsily, Although hundrsds of materials

heve been tested, glase and glass-lire materisls are the only ones
winich have signiflcantly sbacrmal stovping powers when tosted against
pizn spsed jsta unging the ?ugj‘r«ﬁiggg&n precedurs
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Radlograph of fst from 1 05mm copper liner aftsy
pateing through alx tnchen of 1020 mild wtael

F1G,

1b.

Radiog-aph of jet f1rom 105mm copper tinar aftar
paesing through five Inches of glass protacted by
1 /2" steel and 1/4" yubher

“Photographs by courtesy of L, Zevacw znd
Salllstic Rosearch Laber
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3, Qlass is most effective against charges fired at clogzs 10
optimum standoff (19). Im thet case a steel face plate provides only
little additional benefit (20). At smaller stavdoffs, a face plats
seems to be desirable (20).

H. Under the most favorable conditlons {coppsr jet charge fired
at optimum standoff, glass near the top of the target, etc.), glass
frequently behaves as if 4% had a density of 4O gw/coc or about 16 tiwss
its actual density.

I. (lass does not deflect a jet percepti from its original
direction for angles of incidence as mmall as 10°, Xerr cell pictures
talon under those conditions show the jet traveling in glasz in exactly
tha sama direction as the incident jet (21).

J. Plate glass poerforms beiter than cast glass bricks of equal
thickness (20). Tbis is probably caused by the presence of small im-
perfeciions, aspecially air-bubbles in the glass brick, while plate
gass is quite free of such imparfections.

K. Doron (glass fibers beu: i to plestic) displayed no abmormal
pooparties when trated by Carnsgle Tech. (18), An apparemtly contra-
dictory result was ootained by Flintkote (22), indicating abncamal
ostopping power on the part ¢f Formica FF-55, a glass cloth boumd to:
plastic, Additioznal experiments are needed to clear up-this spparent
contradiotion in results.

While the Carnegle Tech group has obtained a great deal of addi-
tional information on glass (e.g., the velod.ty of shock propagation,
the velocity of crack prapagation (23), eteo.), the mochanizm responsible
Lor ths umsual stopping power of glass is still not completely under-
stoods Kerr oell pictures cbtained by Carmegle Tech (2L) and more recent
radiogrsphs obtained by Zernow and Simon of 3.R.L., prors deyond doudbt that
glass disrupts the jet during the pemstration mwocess in the mannar suggested
by this authar (24). The B.R.L. radiographs are shown in Figures la and
b, It seems very probakle, tmt rameins to be proven experimsrdally, that
the stopping power of glass is caused by the same mechanisa ce ths "rebound ®
effect (2), (25). Whatever the explamatiom, glass pcesessss the umisual
property «f beirg most effective against the charge with ths highest
pca:iil; peneirating ability , a remarieble asset for ay pEobestive
mate .

The remariabie menssr in which giass aijusts its stooping power %o
the penstzating ability ~F the charges iz 1llustrsted by tha ssnarimeptal
results preasnted in Flg, 2, Starviuyg Irim o3¢ Stard~ff dhe rectdul
penstrations eypasied on the basis of hydrodynamic theory incresse
steadily wuntil they dovbie at cptimum atapdoff, while ths obaerved
residaal) penetrations remain constant.
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A recent BRL rsport (1) shows tho resulis of a very compiste seriss
of torts on bk perdirmances of giass sgaiast statlcally fized 3.5 in,
Luzookai.  OmEsr ths condiilions of thoae teste the most aiffechive thigi-

rasg of glsss ¢id not oxcesd appreciably the stopping powsr of an skl
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tiickness of 8ild stecl, vhich would be considered rether poor psriormancs
by tals group. This poor performance can probably be aseribed to the Pzct
that the IXL expsriments wers carried out without staal face plates, and
that the basooka has a built-in standoff, provided by the ballistic cap,
of only .2 in, or 1.2 charge diasmsters, (Fig. 3 shows hew the porform-
ancs of gless variea ag a function of standoff for the CIT standard chargs,
similar in most essentials 4o the 2.5 in, bazooks.) Thers is little doust
that incressing the standoff of the bazooka snd providing face plates for
tlis glass t.a;gts would provide complete agrssment betweern the results
obtained by and those obtained by Carnagie Tech.

The relevant observation (or prediction) to be made here ic tims
following: Suppose that two tanks were protected agzinst the 3.5 in.
bazoocka, cas nsing almimm and ths othsr using glasa nrotestion. Both
of thess designe could be carried cut in principle on the basis of recent
HRL results. BSuppose farther that after the tank had been protected as
tpecilied, the perfcrmance of the attacking weapon were suddenly improved
considerably by providing it with a greater standoff. This would mean
that 1he alumi-am protection on the first tank would become inadecuate
against the improved weapon; glass, on the other hand, is samshcw abls
to campensate for this improvement in the attacking weapon (Fig. 2),
end the seccnd tank would still be adequately protected. In other words,
glass is probably a imuch better protective material than would be sug-
gested by the BRL observation that at best it about equals mild steel.on
a thiclkneass basie,

It remains to consider very briefly the manner in which glass muct
be used in order to provide maximum protection for tanks, (Details of
fastening any propozad protection to tanks will not be considered hers.)

The most effactive protection would probably employ & tctal thick-
sz of glass equal to one to two charge diameters, The required thick-
ness would be made up of individual plates, sach of maximum awailahle
thickneas, or of glass bricks. In elther case; cach pisce weuld be
geparated from its neightors by a shock-abrorvimg materisl such ==
sponge rubber, st rubber, magnesia, etc., to minimius shattaring
e erstking, (By virtue of the presence of sush absorbing materiels,
twhie iype of protection would provably be quite effective against
attack by squush-heads.) A mmber ¢f such stacks of glass plates or
bricks will be enclosed in & =teel panel of such size as dictatsd by
the geometry of the tank surfaces and conaiderations of =eee of hand-

4
228K

The ou¢side surfece of sach panel should conciszt of 1/2F ¢o 1F
armcr plate to protect the panelil _zoinsd ~ed3 arpws {iwa, ap? thg
inzide eurfecs raating against tis tanic's bagic armor shonld be strong
sncugh to prevent appiraciable buckling of thet surface after a hit.

iners lm alss the possibility of using glass ir ths foma of very
large balls, each 3 Inches or mere in diameter, densely packesd in




i

staai panel with all volds fillad with a mastie binder sich ap the onav
used Ly Flintkote. While this method wonld ne less wffective than tho
ones just discussed, it would "iave the wdvantage of smeliler cower and
ansier mamufactire,

It should be remembersd that the vasic wwa of the tank to whioh
these panslz are attachal is a vory neoecsacy part of the proteotive
dowvlos, Tests oa such paneln shiculd newe be mede without this armor
plate backing. ‘The panals will effectively step the fust front end of

S Jeat, bnt had Arenr wlata regadns Lis moat eaffectlve matarial against
the slower raar portions

Recantly, & pziow advance lind Loan made s tw subjeot of nrotastion
by the porsonne | rt Ledroit Arsenal, whe found that srmor couwid Ve unst
around a wxolid hore of fused silica withoit resoxrting tc any wwsal
oarting proosdures, PFreliminary tests of such protedctive panels against
convant inral armor-pleroing mmuniti~n an well as shapad charges sppsar
it encouraging. This subleat 1a nov urdar a-tansive inventigation,

..
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CLAPTER X

TERMINAL BALLISTIC EFToCTIVENESS OF

SHAPED CHARGES AGAINST TANKS
F!» Ie Hill

Ballistie HReseawrch Laboratories
~ Aberdesn Proving Oround, Maryland

Introduction

ine srE&ped Coarges is one oi wne more eiiective weapons o) tne
defeat of tanks. The principal dssign objectlive in the past has bean
sinmply to perforate the armored envelope of tanks. In general, me
armor of a tank has been aamwmsd to be equivalent to a flat piaca of
armor plate and design of #haped charges ha3 progressed towari ibs
moat efficient perforation of this target. Huch an objective is a
logical initial one since the Infantry has had no weapons of resson-
able weight that could perforate modern armor by means of kinstic
energy rounds,

Homer, the criterion of shapsd charge effectivensss must Iin
the final evaluation be its ability to defeat an armored wshicle=not
Just perforate its armor. The first element to be considered in ths
criterion is that of perforation; ths second element is damage after
& perforation. Perforation of a tank's armor is not ths same as
perforation of an idealised target. Much of the target presented by
a tank is irregular and non-homogeneocus in composition zo that pre-
dict.ioms of the effect of perioration cennot be dona from flat plate
data. Uanege does not occur to a tank just »ecauss g perroration of
the urmored envelopsoccurs, The perforation must cause further
destruction inside. This damage depends upen where the perforstion
otcurd and the residual damaging effect of the jet aftsr the perfora
tion. Other factors such as stend-off, liner materiel, ets,, z2lmo
are involvaed,

It ip deairable to consider just what 2 "tank k111" iz. Tanks
cennot be shet dowm like airplenes or sunk like ships, Hedium tanks
cannot. ba rednced %o 8 twisted mulk by any but the most intense of
b].aats. Usually, a tank is destroyed by relezsing ihe forces thot it

rrie2 within 13, Thua, tank destruction depends to 2 great oxtent
on .a..‘""‘?i"" nf the smmrdtion or fuel., EHowever, other itypes of
wwnuns redvrre vank effactiveneaa emally »ail dependinc voon the
circumatances of combat, For instance, ii a tank is immobiiised during
a retreat it is lost Just as o surely e though it hed heen burned.
in Wha cass of an aitiacking force;-if the fire pewor of e Sank iz
destroyed the tank 18 no longer of use in the parvicular aciion.
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Three categories of riamage to a tani: harve been defined,
K Damage ig that demage that will cause the tank to be destroyed.

F Damage is damags causing complete or partial loss of the ability
of the to fire its main armsment and niachine guns,

M Damage is damage causing immobilization of the tan™,
Sources of Terminal Ballistic Data

Thers are thres sources of date for terminal ballistic damage of
shaped charees to tanks: historical data. terminal ballistic firinegs
at tanks anc box tests., Each of these three methods has its importance,

Historical Data

The principal historical data compiled on the damage effective-
ness of shaped chargss was obtained by the MORU in fGreat Britain
(ref. 1 and 2). The data available are entirely for German infantry
hand-fired weapons, such as the Panserfaust and the RaketénvanserbuFense
(Cerman 3.5 in. Bazooka), vs U. S, and iritish Tanks. This information
is valuable in that it gives some idea of the points of impact, the
ranges of engagement, and the crew casualtier experiences in World War II,
Table I, prepared from Ref. 1, shows the proportion of Shermen and Stuart
Tanks that burned completely and the proportion that were repairable,
as a remlt of shaped charge attack,

TABLE I
Total XNo, No. 4 4 Casualties
Considered Burned Burned Repairable
Sl 27 L2 Su%

This table suggests ..at most of the tanks that were not turnt were
répairable. Table II; taken from Ref. 2, suggests that the rule of
‘humb that one man killed and one wounded for a perforating round is
2 good ons for shapsd chargs rounds,.

TABLE 1I
fio. of men 3 £ 4
Bxposed Killed Wounded Bu_x_:g_-;q
235 20 2i 6

These =zre short rangs weapons. Kills rn.roly occurmd at r ranges groatey

Al mm 'IO'\ P it rewramca mmanseem o & AT .99 ¢ - L2 m oY LA et
weaTia Fards., Nt qoean vangs of 227 glllei casualiiss \-.u..x. whs scllscied

data a,vail&b:e on haped charges irca dorid Wer I7) is 13.% verds. The
engnlar Gistribution of casualty producing attack data svailable for thes
short range weapons 15 shown in Tabls III,

270
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TaBLE IIX

Noe of Yio. on " No, on No. on
Perforations Front Side Rew
%00 » 63 7

All of the above data were taken from references 1 and 2.

Terminal Ballistic Firings

The second and the most definitive source of demage informetion is
the proving grourd iring at & tank. Such firings have been carrisd ot
by the British, the BRL and other organisations from time to time,
Beferences to the detailed data on thess firings ars given in refarence
mmbers 3 to 21,

The largest and most systematic program has been at the Balliatic
Research lLaboratories. Ths method of obtaining these data has been a~
follows., A fully equipped tank (usually a T26El or T26ES5) 15 loaded with
wooden orew members in 2ach crew position and stowed with insrt ammunition,
A small amount of fuel is placed in the fuel tanks to operste the engine
ec that 1t oan be running when the tank is fired on. A round is then
fired on & @delected surface of the tank. The angles of fire usually con-
sidered are normal to front and side and LS© azimuth to front and side.
Aruther angle of attack is at 4S° elevation angle., Ths range of firing
varies dsperding upon the round to be tested, ¥or instance, the SO0mm
T108 rovnd was fired at 500 yards and the 3.5 in. rocket was fired at
100 yards. For the first firings the attempt is mads to cover the tank
in a fairly uniform mamner with hits. However, after the nature of the
damacs of a partienlar round 18 generally understcod, the rounds are
2irad 3t {he surfaces of a tank where thers is the giwatest doubi about
the damsage,

AS soon a8 a hit is obtained on the tank, ‘wo combat axperienced
ss8es8ors go to the tank and examine the damage. As long as the ltanik
if operable, vperabls camponents are chacked (such 28, turret traverss,
gan elevation, radio intarcommunication,etc.). The damags i3 then
&559866d with & description of every item of damage to the tank. These
descriptive assessment® are then translated into nmumerical assessments,
which have been dstermined by the assesscrs to be standard. A list of
standard ussesgnente of cowponents is given in Table IV, M, F, and X
damage are defined in the "Introduction.®

2Ia.
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TABLE IV (Cont‘d}

Frobability of Overall
Demage to Tank When

Destroyesd
M F K
Bxierior Camponents
Front Liler Hub 50
Track 1.00
Driving sprocket 1,00
Final drive 1.00
Track guides 12

The above table is represantative and is not inclusive of all the damage
that could happen to such camponents as the electrical circuit, etc,

Ths determination of a personnel kill is made from examination of
the wooden dummies. While wound criteria as determined frem wooden
dummies aro ilmilttedly inaccurate, cases that are marginal are usually
rare, Asszssment of the possible damage that could have occurred froum
fuel or ammunition fires is made by observing where the hits occurred
and correlating this with actusl experiments carried out agsinst these
components separately. Fuei and smmunition are removed from the tanic
prior to firing for practic:l reascns. When a tank is perforated wilh
live mwmunition in it, it i= highly unsafe to investigate it sven though
no immodiate fire occurs for several hours. In tho case of a fire which
consumes ammfunition or fuel there is nothing left of the tank tc accsss.

. After the perforation has been aassased the tank is cleaned, previous
denags carefully marked, new woodsn dummies instslled and minor damage
repeired, As successive shota hit the tank the quality of the datz
obtainsd dscreaser since the assessor's eatimates of the actuel damage

Y would have occurred in the sbsence of previcus damage beccma more
difficult. The tank is fired on until no more data can be obtained,

{In @G ¢ass ¢f the 315 inch rocket ower 70 hiis amd 35 narforations were
obtained can a single tank,)

‘o deseriptive and mmerviecs] asseazsmenis are the basic data for
the analysis of tenk vulnerability. The information iz contalned in this
fozm in the firing records (ref. 3 through 16). EBritish data arc nre-
s:nted in 2 somevhat Qdifferent form in that only the descriptive part of

the damage is given. British data available are given in (ref. 17
throngh 21).
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Box Tesats

The so-called "box tests" are thoroughly described in Ref. 22. A
box 1= plsced behind the armor plate. In this box ars Lustruments to
meagsure pressure and temperature and usually witness plates to give an
indication of scatter. The box appears to be an admirable way tc obtain
devolopmental data on shapel charge deuign. Its value will prohably
increase as correlation can be established between box measuremants and
tank dmgﬁ.

A BRIEF SUMMARY OF TERMINAL BALLISTIC FIRINGS

Tata Obtained ai Aberdeen Proving Ground

Using the methods of gatheriag data outlined in the previcus sacticnm,
saveral firings of shaped charge ammunition against tanks have been con-
ducted. A detailed description cf thesa {irings is given in the APG Firing
Records (refs. 3 through 10). Table V summarizes the rumber of each type
of round that has been fited and the amount of data from perforations that
are available, Most of the attacks were against the T26EL tank which in
armor and most other respects is similar to the M26 (Pershing) tank, The
armor is the sams as the Mi6 and similar to the M;7. A few firings were
against the T26B5 tank, which is a considerably up-armored version of tha
M26 tank, Table V is presented to show what basic data is availsble at
the time of writing. Ro conclusions should be drawn fram this table con-
"x% }_:_Erforation probabIIities, 1he range of I'iring was established

or [ of convenlence safety. 'Btatic firings" or firings from
shared charges set in place were used when i\ was not feasible tc launch

the rocketa,
TABLE V .
SUMMARY CF SHAPED CHARGE FIRINGS ON
T26Bl and T26E5 TAKKS
: Crew Eng. Nen
Ref, Type of Total No. Comp. Coamup, Perf,
iyps Round T _Attaek Range of shots Perf. Perf, Hits
2.5% HRAT Rockst M28 & Ground 100 yds. 70 33 é 31
Soma EEAT TiH0% 4 sound S00 yds. 24 11 1 12
t® oeppsr cone 9 Orcund Static 2 2 - -
5" copper cons’™ - 9 Geound  Static 9 b4 - -
5% glumirum cond 9 Ground Static 8 6 1 X
Tomn IBAT MI10AL 3 Ground 100 yds. &5 8 3 iy,
10Smm HEAT M67T 8 Ground 100 yds, 20 6 1 13
2.75% FFaR 5 %3%ir 800 yds., 31 i1 gt 1
8= Oerlikon 5 %i» 500 yds., 3§ i 2 23
3.u¢ fohT Roeket M28 7 5%ir 13 wds, 315 .10 . § -
6.5% ATAR (Steel Cone) 10  U45%ir  Static 6 g - 1

oupis marked by asterisk weve firsd against T26715 tank.
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Of a1l the firings listed in Table V only that of the 3.5 inch
Roukvet is likely to give amyr valid data in an unreduced form for the
expected wmirber af kills on the T26B4 tank, Table VI separates the
damago to the T26Rl tank into damage from armor fraguents and damage
from the shaped charge Jjeb itself. It is significan? that po X damage
was caused by fregments., Figure 1 showe the reculte of the 3.5 incn
(ground) firings s s cumiative distribution, The use of a cumulative
distribution of mineriocally asesssed damage is of considersble aid in
the cumparison of tve rounds,.

TABLE VI

- e- MAT WO s p‘ Vumle

) SAMDYS & , [T 1%

(Avg. Results of 70 Rda.}

Avg. Prob. of a hit being a )1 dus to

Jet Only Frags. Only
X F K M ) 4 K
Avg. of all hite A3 L1 .07 ‘'l W10 0
Avge of hits that did damage 59 55 31 U6 W3k (5]
Frags & Jet
) § F K
“go of all hits 026 21 07

Avg. of hits that did damage .78 .70 .31
558 of hits caued no damage
WX al aits cxused dsmage. Of thase:

152 omesd fr=y. dezage orly

29% ozussl jet dumage only

6% crused jet end frag. damsge -

The reduction of the data shown in Tzble V ia of littis importance
for the T26BL4 tank becmuse this tsnk L2 cbsclets, The data ars primspiiy

used 2o o basis for sotinzias of damsge to other '-e_._..-_-«c coah asticoloz
ars given for many of thesze rounds in sixzequent mastionz of thie
shmpte e,

In s3d%%1on to firings on tanks a rumbac of tests havs basn mede
Firing on vu50iine and Dissel fisl,
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Summaries of the firings against gasocline and diesel fuels are
glven in Table VII and VIII respectively. Conclusions derived from
the table are given at the bottom of each table.

TABLE VII
SUMIARY OF SHAPED CHARGE FIRINGS AGAINST LIGHTY OCTANE GASOLINE
Cap. of Where§ No. of No.of y 4
Armor Container Hit rds, fired fires fires
Round t Obl., (gal.)
2,36 HEAT 3" o° 5 BFL 10 9 90
i 5° 5 OFT 10 10 150
3" 0° 16 AL 10 9 %)
1" 0° 16 AFL 10 o 90
3" 0° .16 BFL 6 é 100
TOTAL (2.36" HEAT) AFL 20 18 90
BFL 26 25 96
3.5" HBAT 3 us° 5 AFL 6 6 100
30 15° 5 BFL 3 3 100
g 1/4" 45° 5 BFL 5 5 100
2-3/L" 0° 55 iFL ] 1 100
3" 0° [26El AFL 12 10 A3
30 0% T24E), BFL 3 3 100
TICTAL (.97 HEAT) AFL 18 15 89
BFL 12 12 100
T0TALS (all rds.) AFL 38 34 S0
BFL 38 37 97

#AFL, - Above Fuel Level
BFL - Below Fusl level

verivative Facts

1. 2.3"% pave slightly lower no. of fires than 3.5" on rds., fired below
fuel lsvel.,

2. No differencz in the two rds. fived ahove tel level.

3. Mo difference apparent betveen rds. fired at various container gizses,

4. HRds. fired below fuel level gave slightly greater no. of fires than
hore fived above fuel level.

C. Ng differonce bocause of armor thickness,

0
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1 TABLE VIII
SUMMARY OF SHAFED CHARGE FIRINGS AGAINST DIESEL FUEL

Round Armor Contairnar Whore* No., of No. of .
t Obl. Capacity HIT Rounds Fires Fires
(gal,.)
2.36" M6A6 HEAT 3" 0° 16 AFL 10 2 20
" 1" 0° 16 AFL 10 2 20
" 3n 0° 16 BFL 16 2 12
90mm T108E1S " 0° 16 AFL 4 L 100
U 3" 0° 16 BFL 3 310
3.5" HEAT  sa1/"  Ls° 55 AFL 1 5 L5
" 2-3/4"  0° 55 AFL 9 2 22
" 5-1/L"  Ls° 55 BFL 13 5 38
" m 0

2-3/ 0 55 BFL %g 3%_ %%

#AFL - Above Fuel Level
BFL « Below Fuel lLevel

Derivative Facts

1. 27% of hits above fuel level caused fireg.
2. 31% of hits below fuel level caused rires.
3. 30% of rounds detonated against 15 gal. containers caused fires.
L. 37% of rounds detonated against 55 pal, containers caused fires.

Conclusions -
1. There is not sufficlent reasun, on the basis of thess firings, tc rejsct

the Iypothesis that probability of causing a fire is independent of ’
position of hit with respect tc fuel level,

2. Considering variations in types of armer plate and detonated round, no
slgnificant difference in vulnerability of 16 gal. containers and 55 gal.
containara iz evident.

3. On the basis of these firings, it is not possible to sstablish the
probabiiity of a fire as function of detonated round or armor plate
Thickness.
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There have been relatively few firings of shaped charpes apainst
anmmnition because of the difficulty of doing the test safely, Table ia
outlines data obtained by firing at three rounds placed approximately
one inch apart,

TABLE IX

90mm TI108EY vs. Ammo,

Armor No, of HNo. of times 1,2, or 3 rds
No. rds, t Ovl, Expl. exploded
Fired TARGET 1rd. _2rds. 3 rds.
7 3 rds. of $0mm AP,T33 3" 0° 7 2 i 1
7 2 cartridge cases of v ° 7 3 L -

wussdian 85mm and 1 rd,
of inert 90mm 4P, 133

It is notable that the omunition, both U.S. and boviet, were imnited
when the propellant cases were hit.

Data Obtained by the British

The British have conducted scveral firin~s of shaped charpe ammunition
against %tanks, ammunition, and fuel., The detailed descri-~tinn of these
firings is pgiven in ref. 17 through 21, 1In additinon to these firines they
have done a large number of witness plate firings, which are firin-s
through armor with meuasurement of back damage inade by setting up thin
»lates at various distances behind the armor.

Cne of the most extensive firing programs has been carried out in
firings ordered in Eritish Grdnence Board proceeding ( 4807 which gawe
some considerable data on the performance of the Energa rifle grenade,
the 3.5 inch rocket, and the 95mm HEAT round against fuel, ammunition,
and witness plates, Table X summarizes ihese firings for the Zncrga Grenade
against plate.

Conclusions that may tc drawn from Lhkis tahle are that the cone of
damage is independent of nlate obliquity and that the cone of damage is
very narrow fcr the near critical thicknesses of armor fired on. The cone
of dumage 13 derined as the cone including all the lethal spray of fragments
striking and perforating a 1/16 inch mild steel plate 36 inches behind the
Main QArnor.

Tavle i) shious the resvlts of the wnerpa Urenade [iring ohrough arncr

0§ anproxiaately 245mm thickness at 2 proup of nine rounds of 17 nar. AFCEC
aviunition placed approximately 41 inches behind the armor.
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TABLE XI

ENERGA GRENADE vs. 17 pdr. APCBC ‘MMUNITION

Total No. of Shots 12
No. of Occasions Rounds Damaged 10
No. of Occasions Fire Occurred 3
Average No. of Rounds Namaged when Damage
Occurred 545
No. of Fires Per Round Damaged 6/11
TABLE XII

WITNESS PLATE FIRINGS OF STATICALLY FIRED 3,5 HEAT ROCKETS

Front Back
Armor Hole No. ¥itness Damage(1/16"M.S®36")
No. Ime Hole No. Avp.No. Avg. Cone
Rounds Thickness Obliquity Equiv.thick-Avg.dia. Perf. Avg.Dia.Rds. Frag/Rd Angis/Rd
. deg  ness (mm) in} %
10 200 32 236 2.1 9 1.0 L 28 3°
3 206 37 250 2.1 30 1.2 2 21 26°
25 130 g6 232 3.1 18 1.0 L 28 37°
6 130 58 245 3.1 3 .8 1 1 -
5 130 60 260 2.6 L 1. 1 15 -

Table LI indicates that with low residual penetration there is a low
probability of igniting ammunition fires with the Energa grcnade.

Table XII summarizes ithe British witncss nlate firings with the 3.5"
rockst sh091ng a mean cone angle of damage of the order or 23° at three
feat behind the armor.

In Iiring the 3.5" rocket four times against 17 pdr APCBC ammunition
in a test arrangement approximately the same as that of the Energz de-
scrihed in Table XI four fires were obtained for four shote. Two fires
were also obtained for two shots into caliber .30 ammuniticn.

Pfahle XTTT shows uiltness nlata Aata on the Qf'wv_n HRAT =vniartiie.

""“ie data indicats appr C!Amatel:y’ the same meuan cons of dwuoﬁc for this
round as the 3,5" rocket, which i3 a substantially greater ene than

that for the Energa. In firdlng on ammuniticn with approximately the
e test set-up as that of Table XI five fires were obtained with
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five 95mm HEAT shots against 17 pdr. APCBC ammunition. Stuatic firiigs
of this round into diesel fuel filled tanks caused one small fire in
five attempts. The one shot into a gasoline filled tank caused z fire.

TABLE XIII

STATIC WITNESS PLATE FIRINGS OF (F95 MM HEAT SHELL
Withess Plate Data

Cone of
No. Armor Obliquity Equiv. Mean No. Avg.Frags/rd. damage
Fired Thickness deg Thickness Front Rds.{(Perf. 1/16" at 3 ft,
mm mm Hole Dia, M,S, deg.
in. 3 ft. rangse)
12* 200 15 208 1.8 7 31.5 27
n" 1 51 206 2.5 3 18 30

# 10 Periorations; 0.6" mean back hole dia.
= 9 " 1.0" n " n "

For the firings against the plate at 51° obliquity in Tabl: XIII
witness plates were set up at six inches and one foot as well as three
feet. The cone of damage varied as follows:

Cone of damage Distance to Witness Plate
degrees ft.
75 s
59 1.0
0 3.0

These data are closely fitted empirically by the relation:

Distencs to witness plate(ft.) = 9,6 e ~+03% X cone aagle in degrees

Although 1limited in nature such data suggests that the higher velocity
fragments are rear the pt after it passes through the armor. Ths resulis
=2 far on witness plaie [{irings show pramise as an aid to the anclysis of
tenl vulnerabiiity. However, much more firings will be needed to supplsment
the existing fragmentaryr informztion.

& Qualiistive Descriptlion of Shaped Chargs Damzps

For reasons of conciseness, data have been given in the form of
ical asgessments. However, the analyst of tank damage must rely
1y on descripilve asanssmentc.  For this reason. a brief qualitziivs
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descripticn of the damage to be expected from shaped charges is given.
Reference to Tabie V shows that the rounds fired can be divided into
several easily defined groups,

The first pgroup is fin stabilizad shaped charge rounds with copper
liners such as ths 3.5" Rocket, 90mm T108, 2.75" FFAR and 8 om 4R. These
rounds will usually do damage (providing "sufficient residuval penstration®
is available) in a narrow cone along the path of the jet, Fragments can
ve expected to do damage to soft targets such as personnel and communi-
cation® equipment., The fragments are no% likely to ignite ammunition,

The jet will ignite the projectile propellant. The jet also will ignite
gasoline by a perforation into the fuel tanks either above or below the
fuel lovel,

Diesel fuel is not nearly so wasily ignitable as can be seen in
Tables VII and VIII. There appears to be scme dependence upon ignitability
of the diesel fuel and the size of the charge. Rounds with a large
residual penetration have an aporeciably better chance of ig:iting this
tvca of fuel. Another effect in ithe diesel {uel firings has becn one of
container size. In the firings of the 3.5 inch rockets, small containers
containing five gallons cof Diesel fuel were not ignited in 13 attempts.
(See ref, 26 )

Exactly what constitutes "sufficient residual penetration" cannot
yet be specified, The amount of damaging power left in a shaped chorge
Jet after a target verforation that is necessary to do damapge will vary
depending on the point of entry into the tank. If "residual penetration"
is acceptable as an index, thc range of values that can be selected is
probably greater than one inch and less than three inches to do the type
of damage that is confined to a narrow path behind the rerforation. &
figure frequently used is 2.5 inches residual ncnetration. (See ref. 27)

The damage from shaped chiges using other liner materials is some-
what different, Detailed reports of this have been made in refs. 22 and
23, Materials such as steel or aluminum tend to cause more fragments to
f1ly off the rear face of the armor and tims frapgment damage is more wide-
spread than from copper cones. However, neither steel nor aluminum lined
cones have as great a penetration as copper concs of the game dizmeter,
Both steel and alumimum cone skaped charges produce considcrable pressure
effects inside a tank upon perforaticn. The pressure from aluminum cones
is apparently soméwhal greator than from steel, Tests (ref. 16) on
animals placed in a tank fired on by a 5 inch shaped charge showed them to
be unharmed unless hit by frapgments. *he approximate pressure measured
by paper blast gages was of ihe order of 52 psi. This pressare did, how-
ever, tear off hatch doocrs and bend bulkhsads within the tank.

Althouph shaped charges do not in general wrock a tank by lLeir own
energies, they are nearly equally as efficicnt as the kinctic energy rounds
in igniting fuel and ammunition in the tank., Shaped charges are equally
as ood as kinetic encrgy rounds at knocking ont the engine or transmission.




CCONFIDENTIAL

They do not, however, assure a kill when a pocrforation of the tank's
armor occurs any more than do kinetic energy rounds of the same caliker,

Target Characteristics

Tables XIV, XV, and XVI contain information regarding the armor of
various tanks and the effectiveness of several HEAT projectiles in
penetrating this armor.

Table XIV gives the probability of encountering an obliquity of ©
or lesc for various tanks averaged over the expected angles cf ettack
if the attackinz projectile strikes the presented surface of the tank
in a random manner. Ir averaping, whs dictributicn of angles of attack
wags considercd to he either circular or in the form of a cardioid, as
noted in the table, The circular distribution is approximately what
would be expected in the case of attack by hand held AT weapons and the
enrdiold distribution is what would be expected from mounted AT guns. jlef.
29 . contains a discussion and derivation of the latter distribution.
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Table XV shows the prcobability of HEAT projectiles encountering an
aguivalent armor thickness t_ or less averaged over the expected angles
of attack for various tanks Sssuming that the projectiles strike the
presented area of the tank in a random manner. An equivalent armor
thickness is a thickness at 0° obliquity which gives the same protection
as same other combination of thickness and ocbliquity. The distributions
of attack angles are the same as used in Table XIV, Shielding by
external components was not considered in the preparation of Tables
AIV and XV, Howsver, the net effect of external components is to lower
the values in Table XV by about 10%.

TABLE XV

DISTLIBUTION OF EQUIVALENT ARMOR THICKNESS WITH RESPECT
70 HEAT ROUNDS (Ground Attack)

Probability of Encountering t‘e:’: or less

% Mii8 ML8 T-43 T-43 T3L/€5 JS III
(in) (Circular)##Cardioid)+ {Circular)s##(Caraioid)+ (Cardioid)+ (Cardioid)+
0 - - - - - -

2 T .18 07 .06 0L .22 -

L .48 .37 Ll 31 62 16
6 63 57 59 18 .72 .23
8 o712 .68 .68 .62 .76 L6
10 oL o72 o72 .66 76 .67
12 oT6 .16 o4 .71 o718 o1
1 N T 75 .72 78 LTl
16 17 17 75 Y .78 i
13 77 17 76 73 .70 i

* te = gquivalent thickness at 0° for HEAT rounds (= thickness o»f armor x
Sccant of Liie angle of obliquity) of armor measured from the normal
plane

#®  Circular Distribution of Attack Angle.

+  Cardioid ¥ " " "

.
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Table XVI r~ives the portimn of tne presented area of the armored
parts of various tanks which can be penetrated from various angles of
attack., Shielding by external compenents was not considered in the
preparation of this table.

TABLE XVI

Portion of Presented Area of Hull & Turret That is l-'enetrable
{Cround Attack)

Anple of
Attack 2.30" Hmns 1008 _
(deg) R 43 ™34/85 JE IIT
0 .06 .22 72 .08
30 29 .16 .70 .00
&0 59 66 69 .00
%0 o7l 73 75 61
120 .65 .70 o7 .62
150 5L 53 6l .0
80 74 76 - -
3.5" HEAT, M28Al
ML8 h3 T3L/85 J5 111
0 60 .03 .15 .73
30 67 .5¢ 79 .70
60 72 .75 7 70
9 .86 8L .76 »73
120 T 79 79 i
150 N .76 o 19 713
180 .75 .78 - -

*Remember that a penetration does not insure z kill.
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TABLE XVI (Continued)

Angle of
Attack 6.5" ATAR
(deg.) ML8 Th3 T34/85 $5 III
0 N o17 o719 .760
30 oTh .63 79 760
60 o75 77 W79 .760
20 87 .85 76 +768
120 o712 .80 .79 .768
150 N .76 o719 .760
180 75 .78 - -
90mm {EAT, T108
MLS Th3 T3L/85 Js III
0 .60 53 5 . 702
30 .67 .52 .79 .637
60 o712 oTh 76 623
90 R4 .8k .76 .713
120 Nel 79 .79 .737
150 .7k i .15 629
180 .75 .78 - -
238
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TABLE XVI {Contimed)

Angle of
Attack
(deg) 75mm HEAT, M66 .
ML8 Th3 T3L/85 J5 III
0 02 .05 .53 Y
30 07 06 53 0
60 o2 037 61 0
90 A 56 e 504
120 b .50 .60 171
150 35 W33 .13 0
180 b4 67 - -
105mm HEAT, M67
M8 T4 T3L/85 oS III
0 05 L0 .60 063
30 «20 .15 .62 0
60 55 .53 .61 «099
90 65 .63 .75 596
120 .63 .62 .63 576
150 53 51 53 0
180 .72 o7k - -

METHODS OF DATA ANALYSIS

The reduction techniques of damage data for tanks have not yet
provided simple indicea {or the measure of the probability of a given
rwurdl Killing 3 tank, Oach firings assemble btasic data fram firing on
obsolate vehicles to provide an accurate estimate of vulnerability of
new or proposed tanks that have not been fired on., The problem here is
to use a small rumber of actual firings to give reliable overall damagw
probability estimatas,

Thc technique of data reduction is influenced by wha* the data are
to e used for. One use is the comparison of the effectiveness of
spcelfic weapons. A sccond 138 estimation of the number of weaponsg needsd
to counter an enamy force. Assembly of data on relative kill probability
on the particular tarzet tanks used in experiments provides a raeservoir
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¢f knowledge the analyst must assimilate prior to making an sstimate cf

a waapen's effsctiveness or camputing a kill probability against any tarzet
IS

type.

Two principal methods are used for data rvoductions These are called
the vuinerable area method and the distributed area method. The "vulner-
able area method" is ugsed when the target is small cormpared to the dis-
persion of hits on the target. The "distributed area" method is used
~#hen the dispersion of the hits is snall compared to the size of the target.
These methods and some approximations that have been made are discussed
below.

The Tistriubted Area Method
ile distributed area method 1:ill be dcscribed first since the vulner-
able area netitod is essentially a simplification of it, Consilder the case
when the rrobability of a hit beinr a kill by 2 projectile of high velocity
and low dispersion is desired (such as the 9Mma 413G round arainst the
J5III). Terminal tallistic damage data of this round on the T26al tank
are first assembled, These data include both thc aumcrical and descriptive
assessmenis, wxamination is rcade of ihe canare resulting from nits on
components where rdamage is obtained oniy a part ot the time, such as the
suspension, the turret rins, hvll in front of driver's conirols, -etc. For
many other areas kill probahility will depend only upon probability of
perforating., HKumerical assessments of danage for various types of rounds
are compared to scc if terminal ballistic damage after verforation is
comparable (as are the 90mm T108 Wd and the 3,5 insh rocket). Examination
of the perforating and non-perforating hits is made to determine reliability
of fuze action of chemical energy rounds,

Vulnerability drawings of the target tank are prepared which show the
arrangement of the interior comvonents to the line of fire (see Fir, 2)
Using an overlay griu the probability of a hit, the chance of nerforating
and probability of a perforation beinm a kill are cntered into each square
for a piven point of ain,

The probability of a perforation being a kill is detercined bty
estimating the fragment pattern and the exiected damape of the jet.
Reference to the qualitative descripntion of damage from each round is
used here. Numerical damarc is comnuted by combinine the damage from
comuenents lying in the path of the jei and fragments by the formula

Py = 1=(-P,) (1-F)) (Q-T ) ..o.ves {110
whers P,, is the probability of W damarse occurring.
P‘ is 1he -erceat of M damage resulting from a hit

on ccnponent, wan | etc.
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This calculation is carried out for M, F and X damage for several
views about the tank and hit probability figures are varied for each ranje.
By summation, the probability of an aimed round killing as a function of
range r and azimuth ® is obtained. These data can be combined with the
expected angu.ir and range irequency of attack to give an overall figure
of the vulnerability of one tank to an antitank gun firing z certain round,
Such values have been camputed in the foliowing table taken partly from

Ref, ng
TABLE XVII

PROBABILITY OF KILLING JbLIII TARK

Projectile ¥i1l Category
| ¥ K
90mm HEAT T108 (O Ty BN 1

6% Cy Liner H.C. (assumed
same ‘'dispersion as $0T108) b6 66 .60

All shots are aimed fire without range finder at center
of largest concentration of target vulnerable area.
Answer averaged using range and angular distribution
functions of BRL M590 ref. 25.

Another calculation made for the front of the JSIII compares the
90mm T108 HEAT round and the 105mm BAT HEAT round fired at the JSIII
Tank. The T108 round is fired under the conditions of Table AVII above
ard the BAT guns were fired in a salvo of two using a spotting rifle for
aim, No mis-match in the spotting —ifle and the 105mm rifles was assumed,
{at tue present the mis-match is such that the values for the BAT rourds
beyogc)l 1400 yards will not be anpreciably higher than that for the T108
rcan .

TALLE AVIII

COMPARILON OF EFFLCT OF 1WO 10Smm BAT ROUNDS WITH EFFECT
OF 90mm T108 ROUND

Range - Yds Probability of F Danape
— or; Front of JSTII
0 105w BT
SCO '33 '33
1000 .10 25
1500 =Oh 316
292
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The Vulnerable Arca Method

The vulnerable area, which is the rroduct of the hii nrobability orn
the presented area and the probability of a random hit on this area being
a kill, is canputed from the overlay of fipure 2 by merely assuming a
uniforn it probability in cach square. It is assumed that the roint of
111 may be anywhere on the fank, There is no ranre cffect to be considered
for snaped charge ammunition. tany of the present aay shapcd charg: rounas
have sufficient disversion for hits to be considered in this manncr.
cveral calculations have been carried out on tank vulnerability using; this
mcthod and are included in the following table. Protabilities are glven
in terms of either vulnerable area or the probability of a rancam hit teing
a kill, the vulnerable area beinz thc latter probability multipiied by the

presented area of the tank.
TABLE XIX

VULNZRABLE ARZAS OF JSIII TANK TO GROUND ATTACK
BY SHAPED Ci.AKCE wOULS - FTC

ft H oy 10¢
gggizn:f Attack Kound 6§5 . ATAR gr Cu Liner /gmm ;13 y
39 34 21 32 23 1k 5 6 3
60° ’ 77 51 31 68 37 23 0 20 6
Side 75 S 33 76 L7 27 3 28 11
120° 7L 51 30 73 L2 24 L o2 1

To convert from vulnerable area to nrobability of a kill, the total
presented areas are needed.

TALLE XX
PRES=NTSD AREA OF JSIII TANK - FT?
Angle of Ultimate Penetrable Total Area Including
Attack Area Suspension
Front 3 62
60° 82 142
Side an 137
120° 86 N

# rrom ref. 2L,

The pvrobability of a random hit causing a kill averared over the
zxpected angles of attack, f(y) * %n (1 + tos ¥) is piven in the following

table and may be compared with Table AVII which gives the same fipure for
aimed fire averaged over the exvected ranges of engagement.
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TABLE XXI

PROBABILITY OF RANDOM HIT FALLING ON TOTA
PRESENTED ARsA OF JSIII CAUSING KTLL

Projectile XKill Catepory
M F K

90mm Ti08 A8 12 .05

5" HC (Cu lined) | 49 .30 .17

6.5" ATAR (Steel Lined) 55 A1 W26

Comparison of Tables AVII and XXI shows the requirement for larger shaped
charge rounds when inaccurate fire is to be used,

The fullowing table gives a summary of vulnerable areas on the
134/85 Russian Tank to the 2.36 in and 3.5 in Rockets.

TABLE XKII
VULNERABLE AREA OF Tili/85 - FT°

Ground Attack
Angle of Attack Presanted 2,36 HEAT M6 3,5" HEAT M28
Area Ft° M F K M F X
Front us 7 5 ls 9 6 5
45° 95 18 11 8 20 13 9
Side 97 36 17 15 37 21 15
135° 9% 3 W, 11 Lo 17 U
Rear LS 23 S 5 25 6 6
30° Air Attack
Front, 87 19 17 15 21 19 16
Lg® 135 0 16 1 3B 21 17
Side 10 38 18 16 L5 23 19
135° 135 L5 17 .4 51 o0 17
Rear 87 nl 7 6 L6 g T
294
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Table XXIII gives the vulnerable area of the 126 to the 3.5 inch
rocket.

TABLE XXIII
VULNERABLE AREA OF M26 10 3.5M ROCKET Ft?

Angle of Kill
Attack Category

| ¥ oF K
Front 7 7 2

30° 18 1
60° 29 16 u
Side 36 23 17
120° 33 16 1
150° 27 8 s
120° 22 2 1

come calculations using an approximation of the vulnerable area
technique have been made using the product of the probability of a
perforation averaged ovar the expected angles of attack and the prob-
ability of a kill in the unarmored components of the tank averaged
over the expected anrles of attack. Calcuiations were made for the
average of the front and sides of the tanks only. These calculations
approximate ‘+he probability of a random hit being a kill on the
ultimate penetrable area, which is the penetrable area a tank presents
to a round of infinite penetration.

TABLE XXIV

APPROXIMATE PROBAEILITY OF A RANDOM HIT O ULTLiAle PENETnAML
ARtA OF SEVERAL SOVIET AMMCHED VoHICLES GIVING A KILL

Tank/Round TCrm HEAT 90mm HEAT 105mm HEAT
M F KX M F K 4 F K
JSIII .20 ,16 .06 037 .31 .16 .50 .u1 2L
T3l/85 L6 .38 .22 A7 .39 .23 .53 42,26
JSU 152 Al L3h .19 A9 LU0 J2h .53 W2 26
SU 100 Ll 3k .19 L840 W23 Lck LWL W27
Tank/Round Enerea Rifle Grenade
ol F K
JSIIX .09 08 0L
T3L /85 .38 «31 o 17
295
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& rough checkk of tha consistency of these approximations can be
made by comparing Tables XX and XXI, This check shows tnat the values
shown for the 90mm T10B vs. the JSTIT shown in Table XXI should be
approximately half of those shown in Table XXIV, which is approxinately

S0,

Evaluation of Present Methods of Analysis

The present methods of analysis are not completely satisfactory.
Fairly reliable estimates of the probability of a hit causing a kill can
be made but the method is tedious. Addiilonal data is needed to reduce
the subjective elements of damape assessment., Further reduction of
existing damage data should help.

The camputation of vulnerability by considering the chancs of a
kill after perforation on each small area is cumbersome. However, it is
reasonably reliable and until a body of this reliable information is
assembled approximations must be viewed with suspicion.

The method of analysis does not yet accurately account for the
transition point between the inaccurate fire where vulnerable areas can
be used and accurate fire where the distributed area tethnique can be
used, Where the gunner starts aiming at spots on a tank rather than the
whole tank as a target is nct known and probably will depend to some extent
on the training of the gunner.

Future analysis will be heljed by witness plate data such as the
British have been obtaining for many years, However, there appears little
likelihood that the wvulnerability of a tank can be computed from syntheses
of many tests made only with simulations of tanks. The analyst of vulner=
ability must never be mispuided into the assumption that an exact measure-
ment made of an assumed condition (such as the box tests represent) can be
used to the exclusion of the inexact measurement of the real condition
(vulnerability firings at vehicles).
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ATITIDIX 1

AMSRICAN HrAL AMMUNITION -

Cartridge, HEAT, T108, 90MM GUN + o« o o & o 5 ¢ o ¢ « ¢ & = : : 300
Grenade, Rifle, HEAT, M31 (T37EL) « o ¢ ¢« o ¢ o ¢ ¢« ¢ v o & -~ , 301
ROCth,PEAT,3.S"T230........------o-....301
Gromd’, Rifle, HEAT, IQB (Ener'ga) Thlo e & ® @ o o ¢ & ¢ b+ e 302
Shell, HEAT, M307Al for STmm Rifle . ¢ & o o o o o « s « o » o 303
Shell, HIZAT, M310A1 for 75mm RifI6 o o « o o o ¢ ¢ o & & « » o 202
Roc‘(at’ “EAT, :'28 (TBOEZ) e & & & ¢ 9% o & * & & b 0 & o 0+ & s @ 301].
kaet’ HEAT, T205, 305" ¢« ¢ © o o e 8 ° & ¢ s & 0 e e e+ & @ 305
..Oc}tst, I"F-A-P-, 2.?5" Tzelé ® ® ¢ ° & & ® & ¥ € v ¥ S ° s ¢ 0 I @ 306
Shell’ I'EAT, M67 losm Hmﬂ.tzer e 6 ¢ & & ¢ 6 & e * T 0 & 2 0w 307
Shell, T, 32, (TL3) for 10Smm Rifle . + « o v o o v+ » + . 308
Shell, iTAT, M34L (T119E11) for 106mm Rifle . & & & o o « o + o 309
Shell, HEAT, M66 for 75rm HOWitZer .+ o+ o 4 « o o o o « o 4 o « 310

NOTE: Specific penetration rerformance for the ammunition described
In this appendix is not given here, A list of some of the most use-
ful references where penetration data may be found is given, Pene-

trations are not given here for one or more of the following reasons:

a., Much of the data expresses penetration performance in terms
of complete or incomplete perforation of 2 given target
thickness instead of a.solute penatration.

b. Target materials used to obtain penetration data are sometimes
insufficiently described to permit use of data reported.

c. Penetrations given are frequently achieved with experimental
modifications of the round which do not permit it to be con-

sidered’ as. typical.

d. Much of the penetration data which can be found was obtained by
probing the hole in the target. The error possible in such a
determination of renetration, because of variations in slug
longth, and of the amount of jet material depositad in the bottom
of the hole suggests caution in citing this data for penetration.

Al) references cited are available at the Technical Information 3ranch
Aberdeen Provins Ground, Maryland, Abbreviations used in designating
references ars as follows:

AFF = Arriy Fileld Forces OCHM « Ordnance Ccumitiee Minutes
ARG=FR = Abardeen Froving Ground 0CO = Office, Chief of Ordnunce
Firing ltecord C10 - Ordnance Intelligence Office
NaVOUD - Navy Ordnance Reports 7. = Technical Manual
NFG = Naval Proving Ground WDA = Weapons for Defeat of Armor
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CARTRIDGE, HEAT, T108, 90MM CUN W/FUZE PIBD T208E7
Reference: WDA, OCO, Vol 1, Apr. 1853

Muzzle Velocity: 2800 /s
Fxplosive Charge: Composition B

Guiarence: OCM 33145, 16 Feb. 1950

Penetration Requiremenis: Through 5" of Homogenecus Armor at 60° Obliquity

Penelration Refcrences:
APG FR 422C0, 3ept. 1851
ADC FR 51386, Apr. 1952
APG FR 52898, Aug. 1952

COMFIDENTIAL
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AIZ FR 55338, Oct, 1952

APG FR 55812, Mar, 1953

APG FR P-59892 (Not yet published)
WDA CCG, Vol. 1, Apr. 1453
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GREMADE, RIFLE, H=AT, M31 (T37eL) W/FUZi, GRENADE RIFLE, PIBD M1l

Reference: AIF Board No. 3 Report P2543, Mar, 13553

Fin Stabilised
Cone Characteristics:
Material: Corper
Apex .\ngle: 50
Cone Diameter: 2" (Apprax.)

Explosives: 0,78 1b,.Composition B
Total Weight: 1.6 1b.

Refererce: ‘A, CCC, Vol. 2, Nov, 1953
This round is to.replace Orenade, Rifle, M28

Penetration Refsrences:

AFG Report, Froject TA3=5911/1, June.1952
AFG Report, Project TA3-5911/2, July 1952
AFG Report, Project TA3=5911/3, Nov. 1952
WDA, 0CO, Vol. 2, Nov. 1953

Reforence: WOA, CCO, Vol. 2, Nov, 1953

Similar in nost respects to the T205 excopt that the round wi'! have
a maximum velocity of 700 frs. Total weight of round is to be 4.5 1t,
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GRENADE, RIFLE, HEAT, M28 (FENERGA) T41
Reference: WDA, OCQO, Val. 2, Nov. 1953

This round is the American version of the Belgian Energa and is to be replaced by Grenade,
Rifle, HEAT, M31

Reference: AFF Board No. 3 Report P2543, Mar. 1954
Muzzle Velocity: 174 f/s
Reference: OIO 325, Sept, 1947

Explosives: 0.5 Ib. Composition B
Total Weight: 1,45 lb.

Penetration Relerences: APG Repusd, Project TA3-3911/1, Jun. 1952
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SHELL, HZAT M307ALl FFOR S5Tii RMCCILLESS RIFIR

Refarence: - Ord. Dwg, 79-2«354, 28 Apr, 1953

Linor Characteristics:
Hemispherical type with Spitback Tube

Material: Copper
Wall Thickness: LOus"
Liner Diameter: 1.6" (Approx.)

Radius of Curvatuwre: 0.84"
Reference: Firing Table FTS7-E~l
Muzzle Velocity: 1200 £/s

Rifling: 1 Twist/30 Caliber
Spin Rate of Shell: 213 Revolutions/sec.

Pen~tration Refercnces: AFG FIi PL028, 21-28 Arr, 1951

SIELL, HEAT, M310A1 FOR 7S5MM RECCILLISS RIFIN

Reference: AFG FR 50546, 6 Nov. 1951
Striking Velocity: 1000 f£/s
Refersnce: Ord, Mo‘75.2-351 17 Mar. 1953

Cone Charactearistics:
Material: Copper
Wail Thickness: .073"
Cone Diameter  2.4" (Approx.)
Apex Angle: L2

NOTT: The sare liner as is used in the 75mm Howitzer
HoAT round M66 is used in this round.
fieference: Ffiring Table FT~T75-EB=2

Mazzle Velocity- 1000 /s
Rifline: L _ Twint/ sz Colluey
Spix iiate ol Fhwll: 135 Revolutions/sec.
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ROCKET, HEAT, M28, (T8B0E2)
Reference: OCM 32304, Aug. 1948

Modified to M28A2 by replacing the base fuze P, D.
T2000E2

Fin Stabilized

Muzzle Velocily: 325 /s

Explosive: 1.93 1b. Composition B

Reference: Ord. Dwg. 82-5-131, 28 Mar. 1952
Cone Characteristics:

Material: Copper
Wall Thickness: . 093"
Cone Diameter (Approx.): 3, 08"
Apex Angle: 420

Penetration Requirements:
Defeat 12" of srmor 80% of the time
Defeat 11" of armor 100% of the time

Penetration References:
ATF Board No, 3, P-2579 APG FR R2885, Jul. 1852
APG FR R2888, Jul. 1952 APG FR R2890, Jul. 1952
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ROCKET, HEAT, T205, 3.5" W/FUZE PIBD T2030
Reference: APG Report, Project TU-2-1015 A/1, Jul. 1853

Cone Characteristics:
Material: Copper
Wall Thickness: .075"
Cone Diameter: 3,09"
Apex Angle: 45°

Muzzle Velocity: 440 {/s
Explosive: 1.5 1b. Compoaition B

Reference: OCM 32753, Feb. 1949

Penetration Requirements:
Defeai 12" of Armor at 0° Obliquity )
Defeat 7.9" of Armor at 450 Cbliquity) 90%of the time
Defeat 4.7" of Armor at 600 Obliquity)

Accuracy Specifications:
75% probability of hitting a target 7' wide x ' high
at 500 yards with {irst round.

‘Penetration References:

APG FR 3036, Jun. 1953  APG Repori, Project
TU2-1015 A/1, Jul. 1953
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SHELL, HEAT, M67, 105MM HOWITZER
Reference: Crd. Dwg. 75-4-107, 29 Aug. 1950

Cone Characteristica:
Material: Stesl
Wall Thickness: . 103"
Cone Diameter: 3.23" (Approx.)
Apex Angle: 42°

Reference: Complete Round Chart, Apr. 1954
Explosive: 2.93 Ib. Composition B
Reference: Firing Table, FT 105-H-4

Muzzle Velocity: 1020 {/s
Rifling: 1 Twist/20 Caliber
Spin Rate of Shell: 148 Revolutions/second

Penetration Relersnces:

APG FR 33438, Sept. 1944
APG FR 34445, l'ov. 1944
APG FR 38802, Apr. 1945
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SHELL, HEAT, M324(T43) FOR 105MM RECOILLESS RIFL.E
Reference: Ord. Dwg. 75-4-107, 29 Aug. 1950

Cone Characteristics:
Material: Cocpper
Cone Diameter: 3.23" (Approx.)
Wall Thickness: . 103"
Apex Angle: 420
The cone dimensions are identical with the cone
prescribed for the 105mm M67 shell.

Explosive: 3.00 lb. Composition B
Spin Stabilized (Pre-engraved Band)
Muzzle Velocity: 1250 {/s

Penetration References:
APG FR 48650, 18 Jul, 1651 APG FR 52363, 23 Jul. 1952
Reference: Firing Table FT 1058-AH-2

Muzzle Velocity: 1250 {/s
Rifling: 1 Twist/20 Caliber

Spin Rate of Shell: 181 Revolutions/sec,
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SHELL, HEAT, M344, (T119E11) W/F PIBD
T208E7 (ELECTRIC) FOR 106 MM RIFLE

Reference: OCM 34899, 1 Jul. 1953

Folding Fin

Explosive: 2.79 1b. Composition B
Muzzic¢ Velocity: 1650 {/s

Reference: Ord, Dwg., 75-2-510, 31 Mar. 1954

Cone Characteristics:
Material: Copper
Wall Thickness: . 100"
Cone Diameter: 3. 58"
Apex Angle: 42°

Penetration Referencea: 1st Memorandum report on the
"Lathality Tests of 106mm Shali,
HEAT, T119E11 {M344) “Pro-
ject TAL1-1540 Jul, 1954, {rom
APG to OCO.
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SHELL, HEAT, M66 F&R 75MM HUWI.TZER

Rofersivs: Ord. Duge T5-2-315, Rev. 17 Mar. 1953

Cone Characteristics:
Material: Copper
Wall Thickness: 073"
Cone Diamoter: 24" (Apprax.)
Apex Angle?
Bxplosives: 1'1b. C Composition B

Reference: Firing ‘table FleT5=1=3
Mapzle Velocity: 1000 £/s

Rifling: 1 Twist/20 Caliber
Spin Rate of Shell: 200 Revolutions/sec.

Penstration References: AFG FR P33263, Sept. 9L
- ATG FR LBL2L, Yar. 1951
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FORLIGN TYFith OF AMWUNITICN (SOVILT)

Soviet H.AT sSrojectile for
12mml<IOH.,Hod-38 ~¢--o00000312

Soviet (AT Projectile for
76.2mnegtog‘m’bd-27 oocooeonjla

Hollow Charge Shell 7.5¢cmGR 38 . . . . . 314
Soviet Grenade, Hand, HLAT, Model RPG-6 . 315

Soviet Orerade, Hand, AT, Model 1943 . . . 316
/G i3

Intelligence Reports ca Miscellaneous ., . 317
Soviet HEAT Ammunition

NOTES: All references cited are available at the Technical Information
Branch, Aberdeen Proving Ground, Maryland. Abbreviations used in
designating references are as follows:

DA=PA} - Department of the Army - Pamphlet
OIN =(Ordnance Intelligence Number

Ordnance Technizal Intelligence Office
OTI0 = Ordnance Technical Intelligence Office
CTIS = Ordnance Technical Intelligence Seciion
S1<F = Special Text - Foreign
TH - Technical Manual

As will become apparent from a perusal of the following pages, there
is a severe lack of information regarding Soviet Amrmnition.
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SOVIET dEAT PRQJECTILE FOR 122MM HOWITZER - MODEL 38
Referdnces:

ST-F-81 p. 261 QIN 3317 ST-F-6¢

TRT o0 Y no 12 OIN 4204 ST-F-74

QIN babhi WIN oud0 VIO vwg. No. 40
IN 4820 1IN 2009 APG TMI-5002/3

Cone Characteristica:
Material: Ferrous, Cast
Wall Thickness: , 108"
Apex Angle: 4g°
Daplozive: 3.13 1, Cyelotol
Fenetration against hurnugencous armor plate, staiicaliy fired: Max. penetration 5. 5"
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SOVIET HEAT PROJECTILE FOR 78. 2MM REGIMENTAL GUN, MODEL 27

Prf-=~ncag:

ST-F-87 n, 190-193 ID 588910 p. 109 QIN 4817
ST-F-66 TM 30-240p. &4 QOIN 3147
5T-F-74 - OIN 3352 OIN 4178
QTIO Dwgz. No. 22

Weight of Projectile: 5.7 lb,
-Explosive:

NOTE:

1.14 ib. Ca

Tracer element in base of ohell

st Cyclotol
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HOLIOW CHARGE SHELL, 7.5CG4 GR 38

Beferencest
ST=F~87 p. 190-193 OIN 3352
ST<F=~66 OIN L4517
ST-F~7}; OIN 3197
IDS66910, p. 109 OIN 4178
TM 30-240, p- S4 OTIO Dwg. No, 22

Static Fired Penetrationt 1,.8" at 303 Obliquity
2.17" at 0" Obliquity
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(OHandle Aszembly

@Slfety Lever

(@ Stabilising Ribbon

(4) Safety Cap {Check Ball Retainor Cap)
® Pull Pin and Tab

®Scriker

(@ Striker Retaining Pin and Spring
(® Anti-Creep Spring

®Striker Body

@ Striker Lock

(D Detonator Booster Assembly
(1) HANDLE ASSEMBLY @ saFeTy car {CH %g;:::";jﬁdy

SOVi_ . SRENADE, [...2IC, HEAT, MODEL RPG-6

Refevence: DA PAM 30-2, p. 13 Reference: OIN 5050, n, 4
Penetration: Up {5 3. 04" armer Explogive Filler: TNT
Reference: DA PAM 30-50-1, p. 102 Average .Ring": rod o 17-25 yds.
Radius of Fragmentation: 26 yds.

Elfective against concrete pillboxes
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(!Handle Assembly
(J)Safety Lever

W Pull Pin aad Ring

(1) Stabilizing Cap

i) Stabilizing Cap Spring

' ¢ j i (6) Fabric
’ c.u':dv A o A . (NSafety Pin
) : . "N ‘ (VSafety Scraw

(" PDetonator Booster Assemnbly
(i Grenade Body

inSafety Spring

@ Firing Pin

(1D Closing Cap Disc

(inClosing Cap

SOVIET GRENADE, HAND, AT, MODEL 1943 RPG 43
Re’ rence: APG-0O8-501-7

Weight ¢f Greaade: 1, 200 gms.
Penctration in Armor: Up to 75mm
Not recommended for use against the track of suspension system of a tank.
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INTELLIGENCE REPORTS ON LOVIET HEAT AMUNITION

Panzerfauwst: A copy of the German Panzertfaust 150 which
had a range of 165 yards and the abiliiy to penetrate 8"
into armor, Ref': DA-PAM-30-2

Rifle Grenade Model VPT-5-41l: Armor penetration given as
L] H A-P"‘ -

Hand Grenade, Model RO-l3: Effective against armor up to
2.90" thick. Tef: JA-PAM-3C-2
Average nange: 17-22 yds, DiA-PAM.30-C0-1
Explosive Filler: 1.35 1lbs cyclotol OIN 5250

Anti-Tank Rifle Grenads, VPG

itef: OTIS File
lange: 50-75 meters
Explosive Charge: 33Lgms. of Compressed TNT
Penetration: Ammor at €0° Obliquity: 30mm
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APPENDIX IXI

FOREIGN (MISCELLANLOUS)

Heller [ ] [} ® L ] L] L ] L] [ ] [ ] [ ] [ ] * » * 320
Bem Oerlikon « ¢ o o o o ¢ 5 » o o 321
Panzerschreck . « ¢« o v o s s o o 322

PangerfBust . « ¢ o ¢ s o ¢ ¢ s « 323

NOTE: All references are available at the Technical Infarmation Branch,
rdeen Proving Ground, Faryland. ALbreviations uscd in dasignating
references are as follows:

CARLE - Canadian Armamert Research and levelopment Es.ablishment
NAVORD = Navy Ordnance Reports
APG=FR = Absrdeen Proving Ground - Firing Record
ID « Intelligence Department
Ordnance Technical Intelligence Office
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8CH QERLIKON (SWISS) AIRCIMKT ROCKETS

Reference: Navord Heport 101, 16 Aug. 1551
' Weight of Explosive: 1.b4 1%,
Maxiram Spin Rate Due to 8 Gasted Nosgles: 1200 rym
Penetration into rlatet At O Cbliquity:  7,09"
neferenoce: APG Firing Record R-2617, 26-28 Feb. 1951

Explosive Loading: Pentoiite

321
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PANZERSCHERECK
Refarence: 1D £45677/13, dated 1946

Maximum Range: 150 meters
Penetration: 7.9 Armor
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PANZERFAUST

Referencen: ID 845677/13 dated 1949

Explosive: 3.5 1b. 55/45 Cyclotol
Penetration: 7.9" Armor

DA - PAM 30-3, p. 32
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APPENDIX IV

SVIET ARMOR

Tﬂk,SWi‘t,JSIII.......tBZb

Tmm1‘t13h/:s e 2 0 % e ¢ & 032?
Self-Propsllsd Cun, Soviet, SU-100 . 328

(VY]
™)
iFaY

CORFIDENTIAL




[ e
¥ IANEO1EN0D I Sf ANA0S MNVL S o100 AP
1 9¢PDODHL WONSY AYLE)

o Sy Mgy VR - ——=Tgaty Wy v S e

TVRRNBGLENT




8- €1 "LANS “WNVL
. ‘W e SETRNIML YO ATV

CIVNLINBA L NOH4 CINCSTIN SIBNY TV

Y LLN3GI4NOD o

oS 32 91 ‘@
‘udddn ‘IS .—J‘!l/

g
e
-]
R
— f
3
g.’i
"
i1

PS-1 Ad @ ‘ /
NeVaITION
HINC a|
X /..M.c -{) met ‘G
SrO® YO CANO2 TOH
a0 === :
- | | L= X

L
aIND W Y
«Of @ W23 AN "NV WL w ™
120N SOV WeOn, Ol &1 1k
L §00 Nt OF A5vD b0 A3ernl

v3

UINNNL 40 SOV TASONLSNOL OL 43
03 @ ™ m O% ASV) ‘2N

8 i
™
"

owme

1
i

«00 @ W
woL 3wl

7

127



CENTIAL

CONFIDENTIAL '

UELLY ARMOR THICXWEES =it

SELF-PROPELLED GUN, SOVIET, SU-I00
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The references are to pages

Abel's equation of state, 122
Ammuni tion (See "Rounds"
Annealing of liners, &7, 89

Barium titanate generators, 142, 150, 151,' 147
Birkhoff, G., 5, 13, 19, 185, 186, 187, 189, i91, 201
Blackington, G. W., L

Blast damage from HEAT ammunition, 107, 108
Boostering (See "Explosive Charge®)

Breidenbach, H, I,, 15, 2L

Calhoun, J. J., L

Chapman-Jouguet, 19, 121

Church, J. H., l’z

cha'k’ Jo c., s, 13’ Zh

Clark and Fleming, 177

Clark and Seeley, 1k

Conant, J. B., 5

Corning Glass Co., 5

Crangz, Law cf 2%, (5ee also "Scaling of Shaped Charges")

Damage beyond target
Liner matsrial for, 108
Davis, C, 0., S
Defense sgainst shaped charges, 7 (See also "Targets!)
Active vs passive,. 256
Armor for, 10, 31
Boron, 262
Explosive, 255, 256
Formica Fk=56, 262
Olass, 11, 255, 260, 265
Installation of, 265, 266
HCR of, 11
Spaced, 107, 199, 258, 259
Spikes as, 256
Thickness requirements of, 11
Titanium as, 255
Weight of, 11
Cuttlng charges for, 250
Dol Crmpo, A., 1
Demolificn charges
M2A3, S
M3, 5
2ensity laws, 10
Nagonation (See "Explosive Charge")
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Effectiveness of shaped charge, 269
"inti-smmunition" evaluation, 279, 281, 282
"Box® test for evaluation of, 274
Damage defined

uF" damage, 270

uX" damags, 270

"M" cdamage, 270
Historical data on, 270
Ignition of fuel and ammunition, 269, 277, 278
Liner material related to, 283
Iist of standard assessments for evaluation, 272
"Parsonnel kill" evaluation for, 273
Proving Ground firings for awaluation of, 271, 274
YResidual® panetration far, 265, 281, 263 '
*Tank Ki11*% defined, 269, 270
Witness plate firings for evalvation of, 279, 281, 282, 296

Eichelberger, R., 10, 11, 15, 20, 23

Energa rifle grenade, {Sse grenades)

MMCh’ m.lhﬂlm, h

Evans, W. M., 5

Explozive
"belt", 113, 11, 127, 128
Chapman~Jouguet condition in, 19, 121
Charge

nacge 1o mass ratio, 22
Chemical anergies in, 14
Explosive charge
Asymsetries within, 119, 129, 132, 133, 134, 201
Characteristica of, Table 135
Correlation between, 124, 125
Densii!es of explosives, 124, 134
Detonation velocities of explosives, 12k, 134
Sensitivities of explosives, 12l
Confinement of, 20, 63, 86, 107, 109, 110, 113
Confined va unconfined charges, 86, 107, 113, 1k, 127
vetonation of
Chapman=-Jouquet cordition in, 121
Conservation, equations of, 121
Parameters of detonation vs performance, 134
Prgssures in the detonation process, 19, 122, 123, 124, 127, 129, 133
Process of, 19, 119, 121
Rankine=-Hugoniot relation in the, 120, 121
Heacticon zons in the, 13, 119
State, Equations of
Avel, 122
Jonss, 122
Leonerd - Jones -~ Devonshire, 122
Wilgon - Kistlakowsky, 122
Temperatures in, 19
Theory of the, 119
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Explosive Charge (.ontdnued)
setonation of (Continued)

|. Tilt of detonation front, 133
: Velocity of 122, 123, 12&,"1314
Pin technique for cbtaining, 22
e Explosive "Compensated" charges, 99
Geomotry of

Cylindrical vs tapered charges, 107
Diametcr of charge/diameter of liner ratio, 85, 86, 113, 127, 128
Length of charge, 107, 113, 126, 127, 128, 129
Length of charge/diameter of charge ratio, 127, 129
Length of charge related to hole volume, 107
Tapered charge, 106, 107
Initiation of
Boostoring height, effect of, 112
Eccentric, 113
Tyres of initiation
Peripheral, 19, 128, 129
Plane, 128, 129
Point, 113, 128, 129, 134
Matarizls for, 123, 12}
Alundinized explosives, 127
Ammordum perchlorate corpounds, 127
BTNEN/WAX $0/20, 12l
BTNEU/MAX 90/10, 124
: Compoeition A, 12k, 135
Compositinn B, 13k, 135
Composition C, 124, 126
, 60/ho 120, 126
Cyclotol 70/30, 12l, 135
Cyclotol 75/25, 12k, 135
Ednatol 50/50, 124, 126
HRX=1, 12k, 135
HMx, 130
Mltroglycerine, 13¢
Nitromevhane, 132
Octol, 134
Octol 75/25, 124, 135
Octol 77/23, 12k, 135
Pentolits 50/50, 12h, 126, 128, 135
Pentolite 25/75, 124, 126
PTX-2, 12k, 135
RDX, 120, 12k
Tetratol 65/35, 12k, 126
Tetratol 70/30, 12k, 135 .
TNT, 12k, 126, 135 _
Torpex 50/36.5/13.5, 124, 126
Multiple shock reflsciions in, 20
Parametor of sxplosive charge related to hola volume, 125, 126, 227, 129
freparation «f, 127, 129
Casting, 129, 130, 132
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Sxplosive Charge {Jontinued)
Preparation of (Continued)

Centrifuging casting, 131
Fundamental procedure in, 130
Mrehining from larger casting, i3l
vacuum melting, 131, 132
Vibration of casting, 131
Goals in
Axial Symmetry, 129, 130
Maximum density, 129, 130, 132
Ui formity of explosives, 129, 132, 134
idquid, 132
Pressing, 129, 130, 132, 13L
"Ralsase Wave" concept in, 20, 2k
Shape of, 107
Unlined cavity explosive charge, 2, 2
Penetration vs standoff for, 2
Wave shaping, 19, 119

Fireman, E. L., 10, 31
Flintkote, 11
Flash radiography of
Collapsing iiners, 13
Glass effacts on ‘jets, 11, 261
Jet pictwres iromi
Cylirdrical liners, 20L
Fluted llners, 220, 221
Rotated liners, 177, 178, 179, 180, 181
Trumpet shaped liners, 202, 203
Three tube system for 177
Fragmentation damage from HEAT, 107, 108
French 73mm HEAT ammundition, 107, 108
Fuche, K., 27 '
Fuzes

Arming syastems for, 142, 14
Azcelarution davices in, 143, 1k
Electrical systems for, 1il, 1,2
"Grage® action in, lhl, 150, 153, 155, 156, 157
. Hermetic sealing of, ]f;h
High welocity orojectiles, 139, 141, 142
Long standoff iype, 169
Low velocity projectils, 139, 142
"IAIOW”. mz‘ H‘S’ 150
Mechanical, 1k, 157
Proxdmity, 139
Safety elements in, 139, 1k, 15, 170, 171, 175
“pitback type, 113, il
Time: remirements for functioning vl 139, 1hl
Types.of
"One piecs™, 168
Model LMK, 171, 173
Model LYMK2, 171, 174
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Fuzes (Zontinuad)
Types of (Zontinued)

. Mhol, 157
| 7208, Ud, 145, 16, 147, 18, 150, 152
: T208£7, U5, 148
. T22h, 142, 161, 162, 163, 164
) . T].O 3 ] 1’42, 161’ 166
T2028, 2

72030, 142, 158, 159, 160, 165

Gray, Jo Coy b
Grenades ,
Energa rifle, 171, 172, 280, ‘261
Fusing for, 171, 173, 17L, 175
Hand and rifle, i69
T37, 168
GQulf Research Laboratories, 6

HCR, 11
HEAT, 1
Heine~Galdern R, 11
Helie's Law, 34
Hill, F. I., 269
Hill « Mott - Pack
Penetration equation, 30
Theory of jet penetration, 9, 11, 256
Hole wolume
In target, 3L, 45, 104, 113, 11h, 129
Related to charge parameters, 125, 126, 127, 129
Vs charge length, 107

Jets .
Area cross-section of, 7, 79, 185
Bifurcation of, 34 (See also "Rotation")
Break-up of 27, 29, 37, L9, 99, 190, 193 (See also "Rotation")
Density of 7, 8, 31, 32, 3h, 49, 50, 108, 185
Diameter of, 5
Ductile drawing of, 9, 27, 29, 32, 108
Glags Effects on Jets,1l1
Length of, 8, 21, 96, 97, 95, 100, 108, 185, 195
flass distribution of, 23, 27
Mass ratio slug/jet, 20, 22, 26
Mcmentums of, 8, 34 .
Obstructions in jei axis, &5
Penetration vs. jet length, 30, L9, 100, 185
Rotation effect=s upon jets (See Fotatien)
Slug to jet mass ratio, 20, 22, 26
Stabiliiy of jet vu. liner thiclmess, 193
Stresses and strains within, 99, 190
WW2L0LUD O
"First ordey*theory of formeticn, 22, 23
lydrodynamical theory, 13, 20, 25, 26
"loro Ordar" thscry of Iormation, 20
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Jetz (Continued)

Ultras fasi Jets, 27

Velocity gradient within, 5, 8, 23, 27, 31, 32, L9, 94, 95, 96, 97,
- 98, 99, 100, 190

Velocity ¢f jets fram cylindrical liners, 1
Velocity of jut ws liner apex angls, 89, 91, 93, 257
Velocity of jet vs. liner thicknsss, 89, 90, 92
Velocity of jet tail, 99

Velocity of jet under peripheral initiation, 32
Velocity of 3ot v welocity of penetration, 7, 8
Velocity of penetration of, 7, 30

Velooclty ratio slug/jet, 20, 22

Jones! squation of atate, 122
Jones, H., 122
Jones, W. N., &

Kanders, Brich, L
Lerr c¢all photcgraphy, 177
x.'.omc}\, Q. Jo, h

lawson, W. E., 12
Leonard - Jones - Devonshire equations of state, 122
Alignment of lingr in charge, 112
Apex
angle
Apex angle vs penetration, 60, 62, 257 (See also “rotation®)
Apex angle in projsctiles, 109
Initial jet velocity s apex angls, 89, 91, 93
Confi.guration of, L6
Sherp apex wva withack, 111
Assembly: Liner to body
Comenting, 111, 112
Urimping, 113
Locking groove, 111, 112
Ring, 111, 112
Axia) symmetry of, S8
Collapae
Angle of, 1L, 15, 20
Process of, 20, 119
Profile of, 23
¥alocity, 20, 22
Configuration
com.cﬂ.l’ 20; hé) 108
Cylindrical, 1%, 83, 20L, 205, 206
Double Angle, b6, 83, 108, 109
Fluted, 20, 3L, 177 (See zlso *Spin Cormensation®)
Hemispherical, 45, L6, 82, 83, 209, 117
Nemecmical, 2&
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liners (Continued)
Configuration (Contlnued)

Spherical capped, LS, &2
“Spiral® {luted liners, 35 ‘ .
Trumpet, 45, 46, 109, 177 (Sse also "Rotation" and "Spin Compensation®)
"Wavy" fluted liners, 35
Design perameters fcr, 52, 104, 107, 109, 1i0 (See also "Spin Compensation”)
Diameter of
Defined, L6
Panetrations requiring specific diameter, 10L
langes in, 85, 86, 112
Fluted (See “Spin Compensation")
Gsometrical accuracies in, L9
Manufacturing methods
Casting, u?7
Drawing, L7
Electroforming, 47, 63, 78
Machining, 47
Shear-forming, 247
Spinning, 46, L7
Materials, 9, 29, 108, 199, 201 .
Aluminum, 9, 50, 63, 66, 61, 10, T1, 72, 73, 92, 93, 95, 108, 22, 283
Berylliuh copper, 89
Bimetallic, 79, 108 ‘
Brass, 3
Copper, 9, 27, 50, 63, 64, 65, 70, 71, 72, 73, 74, 8L, 87, 89, 92,
93, 95, 108, 199, 200
Copper clad, 79, 108
Glase, 49, 50
Iron, 29
Lead, 50, 63, 69, 9%
Paraffined paper, 3
Steel, 3, 9, 27, 29, 5¢, 62, 63, 70, 71, T2, 73, 8L, 85, 86, 87, 89
92, 93, 108, 128, 129, 242, 283
Zamac~5, L7, 63
iinc, 3, 50, 63, 68
Metallurgy of, L9, 87, 89, 200, 247
Annealing, 47, 87, 89
Crystalline structure of liner material, 29, L9
Ductility of liner material, 108
Melting point of liner material, 108
ion-Alignment. of liner in charge, 112, 113
Tilted liner, 112

Sbalructions within cavities of, 85

Pex formance
Measures of parformance, 45, 10L, 107, 108
Penctration, 2

Spithack tubes in, 87
Attaching spitback to liner, 111
Dimensions for, 111
Sharp apex ve spitback, 113
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Liners (Continued)

Tapered walls of, 83, 84, 85, 109

Thickness (See also "Spin Compensation)
Apex angle as ralated tc thickness, 61, 62, 109
Confinemeny a= related to thickness, 109, 110
Geometrical noun-uniformities, S
Initial jet welocity as related to thicknass, 89, 90, 92
Jot stability as related to thickness, 193
*Optimum" wall thickness, 109
Penetration under rotation, as related to thickness, 197. 199
Variations in thickness, 3, 57, 109
Waviness in liner wall, L9, 57

Tolerances in dimensions for, 58, 62, 109

Walls (Ses also "Coniiguration® under "liners")
Grooves in, 51, 57
Non~uniform, 51
Tapered, 83, 84, 85, 1C9
Thickness of (Ses "Thickness® under "*lLiners")
Warping of, 51
Waviness in, L9, S7
Wedge-type, 27

Critical angle for jetless irmact, 27

Lucky Fuse (Ses *fuges")
Hewisphsrical lucky, 160

m‘!n, D, P, s, 6, 7’ 8, 10, il
Misgnay-Schardin effect, 4

Mchaupt, Berthold, L

Mohaupt, Henry, L

#unroe, C. E., 3

| ¥ ¥, 20
ﬁﬁi::t: Morris, 6
Obstructions within liner cavity (See "“Liners")
Ogiva (See alsc standoff™)
Geometry of, 11h, 115

Thickness of, 168
Overmatching the target, 108

Patents on shapad chargss, 3, L
Pauling, Jims, 215
Ponstraticas {Ssc alao "lorgehs")
Armor penetrations, 4
Caliber of Round v Penetraticn, 105
Cylinérical liners, 205
Estimates of, 10h
Explosive parameter related tu penetration, 123 ’
Charge Asyzmciries rslated to penotra.’on, 132, 133
hargs height ralated te pensiration, 107, 113, 126, 2127, 123, L2%
Dunsily of oxplosive ralatsd to penstration, 133
Dwionation presmoe releted to penstration, 123
hnant. Lahoratcries, .123, ].21.[, 135
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Penetrations (Continued)
Explosive Parameters Relatod to Penetration (Cont)

Naval Ordnance Laboratory, 125
Peripreral inttiation related to penetration, 32
Various explosives as related to penetratiou, 123, 124
Wave shaping reiated to penetration, 119, 129
Flange effects on penetration, 85, 86, 87, 113, 11k, 128
Fluted liner penetratione 227, 225, 229 (3ua also "Spin Compensation®)
Liner design as related to psnetration
Apex angle. 60, 62, 63, 76, 81, 95, 109, 111, 19k, 196
Apex angle vs standoff
Alwdnum liners, 63, 70, 71, 72, 73
Copper liners, 63, 70, 71, 72, 73, Th, 84
Steel liners, 63, 70, 71, 72, 73, 8L
Optimum apex angle for penetration, 111, 196
Optimum standoff for various apex angles, 62
Sharp apex vs spitback, 1l1
Spitback tube, 87
Thickness of wall as effocted by apex angle, 61, 62, 109
Asymmetries as effecting penetration, 51, S7
Dlameter of liner, effects on, 10k, 105
Flange effects, 85, 86, 07, 113, 11, 128
Material 50, 62, 108
Alurdinum, 9, 63, 70, 71, 72, 73
Hemispherical, 82
Bimetallic liners, 79
EBrass hemispherical, 82
Cadmium hemispherical, 82
Copper liners
m‘a"n, 9,'63, 70, 71 72, 73, 7h, ah
Electroformed, 63, 76
Hemispherical, 82
Spherical capped, 82
Copper clad, 79
Steel, 62, 63, 70, 71, T2, 73, 84
Hemi spherical, 82
Spherical capped, 82
Wall thickness, 63, 75, 78, 79, 80, 109, 197, 199
Tapered wall liners, 64, 85, 109
Thickneas as a function of apex angle, 61, 62, 109
Variations in wall thickness, 57
Proce== of, 256, 257
Rate of penstration, 20, 31
Rotation vs Penstration
Lffects upon penetration, 186, 150, 191 (See also "Rotaticn")
STmm and 105mm penetration compared, 191, 192, 193
Iiner material, effects on penetration under rotation {See
. "Retation®)
iound - Penetration Parformance
STmm, 216, 217, 223, 232, 233, 234, 235
73rm, €3
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Panetrations (Continued)
Rounds - Peneiration Performance (Continued)

75mm, 105

S0, 105 .
105mm, 105, 216, 217, 223, 232, 233, 234, 235
120mm, i0S
Scaling penetrations for different calivers, 173
Standof? as effscting pensiration
Optimum standoff vs apex angle, 62
Target Density related to Pens., 7, 10,
Theory
"First Order® Theary of penetration, 31
Hill - Mott - Pack, Bquation for penetration, 30
"Hesidual* penetration, 10, 2, mf: 256, 257
Theory of jet penatration, 9, 49, 186
“Zero" order taeory of penetration, 30
Trumpets, 177, 200, 201
Peripheral initiation, 19, 201
Pleso=eleotric effect, 142
Projectile (See "Warhead* and "Rounds®)
Pugh, E. M., 1, 22, 23, 27, 31, 256

Radiographs (Ses "Flash Radiography")
Rankine-Hugoniot, 120, 121
Rayleigh, 36
Release wvave theory, 20, 24
Applied to flange effects, 86, 87
Applied to liner collapse, il9
hApplied for gualitative predictions, 129
Residual penetration theory, ¥, 104, 256, 257
Roberts, C. H. M. 5, 6, 1L
Rostoker, N., 15, 20, 23
Rotation
Effacts u.rom
Jet, 3, 177, 183, 217 (Ses also "Spin Compensatlon")
Bifurcation of Jet, 183
Daterioration of jet, 177, 178, 179, 180, 181
Panetration
Liner apex angle effects on penetration, 109, 15k, 196
Larger apsx angles, 196
Smaller apex angles, 1$6
Theory o, 194
Liner material efiscts on penetration, 199
Tiner *“'sknums effe~t~ o~ nenstiation, 197. 199
Peonotrations carpared STpm, 2.5%, 10Cw=, 151, 192, 193
Standoff affacts on penetration, 3, 107, 198, 199
Historical notes on rotation, 177
fsducing affects of rotation (See nlso "spin compensation®)
Bulit=in apin compensution in liner, 247, 248
Cylindricn) Xnsra, 20k, 209, 206
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lotatlon (Continued) _ ]
leducing Effects of Rotation (Continued)

Double~body projectiles, 215, 249, 250

Fin stabilization, 215, 250

Fluted sxplosives, 27

Fluted linors, 177

Hemispherical liners, 177

Lawn mowers, 2L7

Peripheral jet enginas, 215, 249

Spiral detonation guidee, 247

Spiral staircase, 247

Trumpet liners, 177, 200, 201, 202, 203
Rotation with wire driven rotator, 177
3caling relationships under rotation, 29, 187, 188, 189, 191, 192, 193
Theory of effects of rotation, 182, 183, 18k, 185

Rounds

STmm (See also “"Rotation")

Liner, dimensional .olerances, 58

; Panetrations w/fluted liners, 216, 217, 223, 249

T5mm

Penetrations w/fluted liners, 247
90mm, T108, 57

Fuzing for, 145, 150, 152, 161

liner dimensional tolerances, 58
105mn (See also "rotation")

Fuzing for T18L, 161

Liner dimensional tolerances, 58

Penetration with fluted liners, 216, 217, 223, 249
itound performance in tank wvulnerability

Orerade energs, 280

Panzerfaust, 270

2.36" HEAT round, 277, 278

75nm HEAT M310AY, 27h, 287

75mm HRAT M55, 284

8 em AR, 283

2,75" FFAR 274, 283

3.5® Rocket, M28, 27, 27, 275, 277, 278, 281, 2R3, 287, 295

90mm AP T33, 279

9%mm T108, 271, 27, 278, 283, 288, 292, 294

95mn QF, HEAT, 282

105m= ME7, 27k, 289

105um BAT, 292

6.5% ATAR, 27h, 288, 25k

S4GEB Soctety, L
Scaline lnds for shaped charges, 5
Lavw of Cranz, 29
Iigezr relation of, L6
Rotational sffects upon, 187, 188, 189, 191, 192, 193, 196, 222
Schultze, M, 4¢, 3
Sewgor, 12
Seitz, Frederick, §
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Shofield, A., 185, 186
Simon, J., 11
1 Skinner, L. A., 4
1 Slack & lhrke, 5
ﬁ Slug
Formation of, 20
Length of, 22
Slug to jet mass ratio, 20, 22,2
Slug to jet velocity ratio, 20, 22
Sed th, Turner L., 6, 8
Spin Compensation 3l (See also "Rotation")
Achievement of
"Buili=in® spin compensation, LS, 247, 2L8
Fluted explosives, 247
Fluted liners, 3L, 207, 216, 247
Linear flutes, 238
Spiral flutes, 35, 221, 2L2
"Wavy" flutes, 35
Non-conical liners, 3L
uOffsats", 3l
Spiral detonation guides, 247
("Lawnmowers")
("Spiral staircases")
Caliber vs =pin compensation, 222, 22l
Fluted liners, 3L, 207, 216, 2L7
Design paramsters for, 22k, 225, 226, 227, #3C, 231, 232, 237, 238, 239
Flute depths, 237, 238, 239, 242
Flute types, 224, 225
Indexing of flutes, 232, 239, 2Ll
Number of flutes, 231 _
Tolerance requirements in liner dimensions, 242, 243
Wall thickness reguirements, 231, 236, 235, 239, 240, 242
Future prospects far, 2u8, 250
Manufacturing methods for, 243, 2Lk, 245, 245
Materials used in
Aluminun, 242
Steel, 2h2
Mechaniam of, 217, 218, 221
"Thick~thin® effect, 218, 219, 221, 242
"Transport® effact, 218, 221, 242
Penetraticnz shialnable with, 227, 226, 225, 233, 23L, 235
Scaling relations with, 222, 232. 233
Static-fired, 221
Trumpet shaped, 2u2
Types of flutes, z2:z4, 225
Hiatorical background on, 214, 216
Spin rates requiring, 215
Ysry high spin rates, 224
Sin retes of modern HEAT ammunitiun, 215
Stendeff, 2
Nangity af dat. we 3
Fozes for long standoff, 169
cmives as stondoff 107 11, 168
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Standoff (Continued)

"Ootimum® standoff, L9, 107, 199
Panetration vs standoff, 31, 32 (Sse ..-x: "Retation®)
Projectile standoff, 107 '
Spaced Armor vs 107
Stein, Otto, 6
Stein, P., 27 »
Tank valnersbility to shapad charge
J3 III, 292, 293, 295
JSU 152, 295
M26. 295
SU 100, 295
T34/85, 294, 255
Target
Array of, LS
Laminated, 32, 259
Non-homogeneons, 32
Spaced, 32, 107, 199, 258, 259
Cylindrical liner jet into target, 206, 07
Density, 10, 256, 259
"Density Law," 256, 257
Doansity vs target strength, 10
Panetration vs target density, 31
Hols volume in, 3k, LS, 104, 107. 126, 2}, 1:9
Materials
Aluminum 11, 257, 259, 265
Daron, 262
Formica, FF-55, 262
Glass, 11, 255, 260, 261, 262, 263, %
laminatsd glzss, 260
Lead, 10 .
Mild steel vs armor, 10, 31. LS
Titantum, 254
Strength (See also "target denzity"), '
Liner apex sngle vs target strangii: 147
Thickness and welght of, 11, 259, 25C
Taylor=-Birkhoff Theory, li
Taylor, Qeoffrey, 1L, 3
Thibedoau, W. B., 4
“Thick-thin® effect, 218, 219, 22i, 2LZ
Themas, L. M., 218
Tl Zaudy 3o Cey W7
Iransport® effect, 218, 271, 242
Tyrk, 183, 154

Ubhelohde, 4. R., 5

Ulidy o Gy &

Yzn Maumann, J., 12
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